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CAROTENOID PIGMENTATION OF 
CHINOOK SALMON (Oncorhynchus tshawytscha) 
by J. N. Bird 
Carotenoid pigmentation of chinook salmon under commercial conditions was 
investigated in a series of experiments carried out in fresh water and salt water. The 
carotenoid composition of salmonids and factors regulating the absorption, transport and 
deposition of these pigments in various salmonid tissues was reviewed. 
The influence of dietary lipid on the deposition of astaxanthin by chinook 
salmon was investigated. A role for the w3 essential fatty acids in the processes of 
absorption or deposition was proposed. 
ii 
Astaxanthin was more efficiently utilised by chinook salmon than canthaxanthin 
at commercially applicable dietary concentrations. No synergistic effect on carotenoid 
deposition was observed when fish were fed a 1: 1 mixture of astaxanthin and 
canthaxanthin. The ratio of astaxanthin to canthaxanthin in the muscle tissues of fish fed 
a mixture of the two carotenoids ranged from 1 :0.71 to 1 :9.46 over time indicating the 
lower utilisation of canthaxanthin relative to astaxanthin. 
Decreases in muscle carotenoid concentrations were observed following 
cessation of dietary carotenoid supplementation of pigmented fish. Continual deposition 
of carotenoids in the muscle tissue occurred during this period confIrming cited literature 
of carotenoid redistribution from visceral organs. 
Colorimetry was identified as a suitable method for the evaluation of salmon 
flesh colour irrespective of pigment type (astaxanthin or canthaxanthin) or feed regime 
(supplementation or non-supplementation). Chromaticity was related to carotenoid 
:...._ •• J~ ••. ____ _ • ~I 
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concentration and'measuring site on the fillet. Colorimetric methods for the 
determination of salmon flesh colour were standardised. 
A pale region of muscle tissue, apparently related to maturation, which is 
observed in the caudal region of some farmed salmon was investigated. No astaxanthin 
or canthaxanthin metabolites were detected in this region and it was concluded that the 
pale area was due to the exclusion of ~staxanthin or canthaxanthin as opposed to 
metabolism of thecarotenoids. 
iii 
Astaxanthin was identified as the predominant carotenoid present in the muscle 
tissue of wild chinook salmon during the marine phase of their life cycle. M. gregaria 
has been identified as a source of food for salmonids off the east coast of the South 
Island, New Zealand (Plane, 1981). High concentrations of astaxanthin were detected as 
the major carotenoid of these crustacea and it was proposed that seasonal assimilation of 
M. gregaria is responsible for the intense pigmentation of these fish. 
Keywords: Chinook salmon, muscle colour, carotenoids, astaxanthin, canthaxanthin, 
lipids, deposition, colorimetry, New Zealand. 
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CHAPTER 1 
GENERAL INTRODUCTION 
1.1 History of salmon in New Zealand • 
. The origins and establishment of the New Zealand chinook salmon 
(Oncorhynchus tshawytscha Walbaum) population was given by Byrne (1989). A short 
summary follows. 
1 
In 1875 chinook salmon ova were ftrst imported to New Zealand from North 
America. Initially the importation of ova was to establish both sporting and commercial 
stocks in New Zealand. These and ova imported during the following ten years were 
hatched and released into catchments under the control of local societies set up for the 
introduction and enhancement of game animals in New Zealand. The geographic location 
of salmon introductions ranged from Hawkes Bay in the North to Makerewa in 
Southland, however these early releases apparently failed to become established ftsheries. 
A hatchery was subsequently built on the Hakataramea tributary of the Waitaki 
river under the control of the New Zealand Government. In 1901 the ftrst ova arrived 
from the Baird hatchery on the McCleod River, a tributary of the Sacramento, California. 
By 1907 over 2 million ova had been imported and hatched at Hakataramea. 
Approximately 1.5 million of these ush were released and in 1905 the fIrst returning ftsh 
-to be caught were landed at the mouth of the Waitaki by Sir James Hector. Importation 
of ova ceased in 1907 due to the successful introduction of chinook salmon to New 
Zealand. Wild ftsh returning to the Hakataramea hatchery were stripped and progeny was 
released as fry or smolt on a regular basis until 1947. Early cessation of ova imports have 
resulted in a relatively disease free stock of salmon in this country which has proved 
beneficial to intensive aquaculture. 
The fIrst recorded commercialisation of salmon in New Zealand came with the 
introduction of rod selling licences in 1922 and netting licences in 1925. It was evident 
by 1952 that the fishery could not sustain this exploitation and licences were withdrawn. 
However the government retained statutory control of the ftsh. Culture of salmon for 
harvest, as opposed to enhancement, began in the early 1970' s and small scale pond 
. . -" 
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2 
rearing operations were well established by 1975. Investment accelerated soon after with 
many companies setting upriver traps ultimately to supplysmoltto sea cage operations. 
The salmon industry in New Zealand has thus grown to its current size and 
annually produces in excess of 3000 tonnes of salmon (1990/1991). A number of 
commercial sea cage operations, each producing between 500 and 1000 tonnes of fish per 
annum, are currently in operation in Stewart Island and Marlborough Sounds waters. 
These sea cage systems are well serviced for smoltofromprivate or Ministry of 
Agriculture and Fisheries hatcheries. 
New Zealand farmed chinook salmon is primarily sold chilled into export 
markets such as Japan and the USA with relatively small quantities sold on the domestic 
market. Product quality is paramount in discerning export markets and the flrst level of 
customer acceptance or refusal of product is based largely on visual appraisal of the fish. 
The characteristic red flesh colour of salmon is therefore one, if not the most critical 
factor in quality evaluation by the consumer in the market place . 
•• - - -----~------- • .-j 
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1.2 International salmonid culture • 
Commercial fanning of salmonids is increasing around the globe. By the end of 
1991 it is estimated that the world wide production of fanned salmon will exceed 250 
thousand tonnes and that by the year 2000 this figure will have increased to 400 thousand 
tonnes (Needham, 1990). The majority of salmon farming involves the culture of 
.. Atlantic salmon (KalmO salar) with Norway contributing more than 50% of the total 
tonnage . 
In New Zealand the major salmon species raised commercially is the chinook 
salmon (Oncorhynchus tshawytscha). Some sockeye salmon (Oncorhynchus nerka) and 
Atlantic salmon are grown on an experimental basis but large scale culture of these 
. species· has not occurred to date. . . Although the commercial culture of rainbow trout 
(Oncorhynchus mykiss) in New Zealand is prohibited a number of hatcheries operate 
under the control of Fish and Game Councils for restocking· sporting catchments with 
rainbow and brown trout (SalmO truna). 
The farming of chinook salmon to marketable size (> 1.5kg) is a relatively new 
industry although Canadian hatcheries have been producing smolts for the enhancement 
of wild fisheries for over 100 years and more recently for commercial ocean ranching 
facilities. Sea cage culture of chinook salmon is increasing in Canada with approximately 
15,000 tonnesproduced in 1990. On this basis New Zealand with a 1990 tonnage of 
, approximately 3000 tonnes represents 17% of the world production of fanned chinook 
salmon (Walker, 1990). 
Information dealing with a number of important aspects of commercial chinook 
salmon culture is lacking. Wild chinook salmon are one of the more highly pigmented 
salmon species with intensely red flesh. This colour is due to the deposition of dietary 
carotenoid pigments (primarily astaxanthin) which must be incorporated into 
commercially formulated salmon feeds to allow farmed fish to be competitively priced 
when compared to wild catch fish in the international market place. A great deal of work 
has been carried out regarding the commercial pigmentation of Atlantic salmon, rainbow 
trout and to a lesser degree brown trout. From these studies it has become evident that 
individual salmonid species deposit carotenoid pigments with different efficiencies and as 
osuch each species has specific dietary requirements when fanned intensively. 
1.3 Aims and objectives. 
The absorption, transport and deposition of carotenoid pigments in salmon and 
the factors which regulate this have not been reviewed. The supply of carotenoid 
pigments to salmon during intensive culture is the most costly single feed ingredient 
included into salmon diets. A number of reviews and papers have been published 
(discussed in chaptet 1) dealing with individual aspects of salmon carotenoid 
pigmentation however the information has not been compiled into a concise form for the 
salmon industry. The introductory review of this thesis considers the biological factors 
affecting salmon pigmentation and addresses the implications of these factors to the 
salmon producer. 
4 
Data is.presented from experimental work carried out on the commercial 
pigmentation of chinook salmon in fresh water and salt water and the colour achieved 
with the two commercially available carotenoids, astaxanthin (CAROPHYLLTM Pink, F. 
Hoffmann-La Roche) and canthaxanthin (CAROPHYLLTMRed, F. Hoffmann-La 
Roche). Muscle carotenoids of farmed chinook salmon are also compared to wild New 
Zealand ocean ranched stocks. 
The aims of the series of studies carried out was to define a cost effective 
method to pigment chinook salmon under commercial conditions by determining some of 
the factors which enhance or decrease the ultimate deposition of carotenoids in the 
. muscle tissue. Also considered was a convenient, reliable method for a non-analytical 
colour evaluation of salmon flesh. 
- -~, - .. -' - "'-1 
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CHAPTER 2 
LITERATURE REVIEW: SALMONID PIGMENTATION 
2.1 Introduction 
Over the lastten-years there has been rapid growth in the intensive culture of 
salmonids. Estimated global production figures are given by Needham (1990). 
5 
Consumer demand has been for salmonids to be aesthetically identical to the 
characteristic red or pink colour of wild salmonids. This has prompted significant 
commercial awareness and research efforts in the field of salmonid carotenoid deposition 
(Mattyj 1987;Sinnot.l989; Torrissen and Opstad. 1990). 
Literature dealing with aspects ofsalmonid pigmentation has been reviewed 
(Torrissen et al., 1989). It is the aim of this review to define the carotenoidsfound in 
salmonids, factors affecting their deposition, the importance of pigmentation to the fish 
and the response of farmed species to a variety of carotenoid sources. Literature on the 
carotenoid composition of wild fish populations and experimental studies with farmed 
salmon needs to be reviewed to allow efficient use of carotenoids by commercial 
producers. 
2.1.1 Species covered by this review. 
Salmo genus. 
Cutthroat trout 
Brown trout 
Atlantic salmon 
Oncorhynchus genus. 
Rainbow trout 
Chinook salmon 
Chum salmon 
Coho salmon 
Sockeye salmon 
Pink salmon 
. Masu salmon 
Biwatrout 
Red spotted masu salmon 
Salve linus genus. 
Arctic charr 
S. clarkii clarkii 
S. trulta 
S. salar 
O. myldss 
(previously S. gairdnen) 
O. tshawytscha 
O. lceta 
O.ldsutch 
O. nerka 
O. gorbuscha 
O. masu 
O. rhodurus 
O. masumasu 
S. alpinus 
6 
2.2 Carotenoids present in salmonids 
The characterisation of the carotenoids found in salmon began over one hundred 
years ago when Krukenberg and Wagner, 1885 (cited by Newbigen, 1900) reported that 
the red pigment of Atlantic salmon could be extracted with hot alcohol or alcoholic ether 
and showed a single broad absorption spectrum from the E to the F Frauenhofer lines. 
·Thesebands gave an absorption maximum of approximately 5OOpp.- Newbigen (1900) 
found the red pigment was a lipochrome (fat soluble pigment) and that it would readily 
form sodium or potassium compounds which decomposed in acetic acid. Emmerie et al., 
(1934) characterised the red pigment from the muscle tissue of brown trout and called the 
pigment "salmic acid" due to its ability to fonn alkali metal compounds. Emmerie et al., 
(1934) and SJlJrensen and JJlJrgine (1938) showed that the pigment from the tissue of 
Atlantic salmon was identical to astacin,previously isolated from a variety of marine 
crustaceans (Newgigen, 1900). Bailey (1937) reported the isolation of a red pigment, 
- astaein, in sockeye salmon andsteelhead salmon; As analytical·methods have improved a 
wide variety of carotenoid pigments have been isolated from the tissues of salmonids. 
Carotenoids identified are summarised in Tables 2a, 2c, 2d, and 2e. 
Table2a. 
Carotenoid pigments identified from salmonid tissues. 
Adonixanthin 
Adonirubin 
Antheroxanthin 
Astacene 
Astaxanthin 
p-Carotene 
Canlhaxanthin 
Carotene-diol 
Carotene-triol 
Cryptoxanthin 
Cynthiaxanthin 
Diadinoxanthin 
Diatoxanthin 
Doradexanthin (cr+ P) 
Echinooe 
3' -Bpilutein 
4' -Hydroxyechinone 
Idoxanthin 
Lutein 
Neoxanthin 
Salmoxanthin 
Tunaxanthin 
Violaxanthin 
Zeaxanthin 
4-keto-zeaxanthin 
3,3' -dihydroxy-4-keto-tJ-carotene 
3-hydroxy-4,4' -diketo-tJ,tJ-carotene 
3,3' -dihydroxy-5,6-epoxy- tJ ,tJ-carotene 
3,4,3' ,4' -tetraketo-tJ-carotene 
3,3'-dihydroxy-4,4'-diketo-tJ-carotene 
. tJ-carotene 
4,4' -diketo-tJ-carotene 
3,3' -dihydroxy-cr-carotene 
3,3' ,4-trihydroxy-cr-carotene 
3-hydroxy-tJ-carotene 
3,3' -dihydroxy-7 ,S,7' ,S' -tetradehydro--r-carotene 
3,3' -dihydroxy-7 ,S-didehydro-5' ,6' -dihydro-5' ,6' -epoxy-tJ-carotene 
3,3' -dihydroxy-7 ,S-didehydro-tJ-carotene 
3.3' ~dihydroxy-4-keto- tJ-carotene 
4-keto-tJ~carotene 
3-hydroxy-3' -keto-tJ-carotene 
4' -hydroxy-4-keto-tJ-carotene 
3,3' ,4 ' -trihydroxy-4-keto-tJ-carotene 
3,3' -dihydroxy-tJ-carotene 
3,3' ,5' -trihydroxy-5,6,5' -trihydro-6' ,7' -didehydro-5,6-epoxy-tJ-carotene 
3,3' ,6' -trihydroxy-5,6-epoxy-cr-carotene 
3,3' ,6,6' -• , .-carotene-diol 
5,6,5' ,6'-diepoxy-3,3'-dihydroxy-tJ-carotene 
3,3' -dihydroxy-tJ-carotene 
4-keto-3,3' -dihydroxy-tJ-carotene 
...,.. ..... _ ... 'J' ~~ .......... ___ :._~~ 
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2.2.1 Carotenoid Absorption . 
The mechanisms of the intestinal absorption of carotenoid pigments remains 
largely undetermined. Salmonids preferentially absorb the 3,4-oxygenated xanthophylls 
while mammals absorb fj-carotene (Schiedt et al., 1985). Salmonids preferentially absorb 
the free form of astaxanthin as opposed to mono or diesters. Whether this is due to active 
selection orsteric differencesCbetweentheastaxanthin fonns remains undetermined. It 
appears that astaxanthin esters are hydrolysed at the intestinal wall prior to absorption. 
However the carotenoid is re-esterified and transported via the blood (as esters) to be 
deposited primarily in the skin. When a racemic mixture of astaxanthin esters is 
administered to salmon the (3R,3 'R)- form is utilised to a higher extent which is 
_. attributed to the stereospecificity of the ester hydrolases in the mtestinal wall (Schiedt et 
al.,1985). Torrissen (1986) reported absorption of canthaxanthinalong the entire 
intestinal tract due to decreasing canthaxanthin:astaxanthin ratio as digesta moves along 
the digestive tract of rainbow trout. This suggested a separate pathway for canthaxanthin 
absorption. However Foss et al., 1987 presented results suggesting a multi-step process 
in which carotenoids compete for reaction. The latter seems more likely when the 
specificity of carotenoid absorption (Schiedt et al., 1985) and the nature of general 
pigment-protein interactions (Nakamura et al., 1985; Ando et al., 1986a; Ando et al., 
1986b; Ando et al., 1986c; Gomez et al., 1986; Henmi et ai., 1989) are considered. 
Evidence for a common pathway forastaxanthin and canthaxanthin absorption by 
chinook salmon is presented in chapter 5 of this thesis. 
Choubert et al., (1987) and March et al., (1990) have shown that the absorption 
of canthaxanthin and astaxanthin by salmonids occurs rapidly with plasma carotenoid 
concentrations peaking 24 hours after a single radiolabelled oral dose. Disappearance 
from plasma (deposition or metabolism) is complete approximately 96 hours after 
ingestion. 
2.2.2 Carotenoid Transport and Deposition in the Muscle. 
Recent advances have been made in determining the means by which 
carotenoids are transported in the blood of salmonids. Carotenoid carrying lipoproteins -
have been reported in the blood of animal species (Chino and Power, 1982; Ashes et al., 
. -i 
.•. -._ I 
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1984) and chum salmon (Ando et al., 1985; Nakamura et al., 1985; Ando et al., 1986a,b; 
Ando and Hatano, 1988). 
During the marine period of anadromous salmon non-specific classes of 
lipoproteins carry carotenoids. The carotenoids are associated with VLDL (Very Low 
Density Lipoproteins), LDL (Low Density Lipoproteins), HDL (High Density 
Lipoproteins) and VHDL (Very High Density Lipoproteins) (Ando et al., 1986(b); Ando 
and Hatano, 1988; Choubertet al., 1991). 
The serum of upstream migrating chum·salmon is characteristically bright 
orange (Ando et al., 1985; Ando et al., 1986a,b) due to high astaxanthin concentrations. 
This is as a result of mobilisation of muscle carotenoids (chiefly astaxanthin) and their 
redistribution to the skin and gonads as described in section 2.3.1. Upstream migration 
.. and subsequent maturation of chum salmon (Ando et al., 1986b) and pink salmon 
(Nelson and Shore, 1974) is associated with increases in serum levels ofHDL, p = 2.063 
- 2.210 g/ml (Ando et al., 1986b), p > 2.20 g/ml (Nelson and Shore, 1974). Spenniating 
rainbow trout also show increases in the levels of serumHDL, p = 2.085 - 2.21 g/ml 
(Fremont and Marlon, 1982; Fremont et al., 1981). 
During upstream migration of chum salmon the majority of the serum 
carotenoids are found in the HDL, p 2.063 to 2.21 g/ml fractions (83% total serum 
lipoproteins of the male, 78% female) orHDL+VHDL, p > 2.210 g/ml fractions (96% 
total serum lipoproteins of the male, 89% female) (Ando et al., 1986b; Nakamura et al., 
1985). Isolation and characterisation of the HDL present in pink salmon (Nelson and 
.. Shore, 1974) and rainbow trout reveals similarities in amino acid composition of 
carotenoid associated proteins and lipoproteins (Table 2b.). 
Ando et al., (1986b) characterised the astaxanthin carrying lipoprotein and its 
component apo-lipoproteins (Ando and Hatano, 1988) isolated from the serum of 
upstream migrating chum salmon. The lipoprotein was isolated as 70kDa and 500kDa 
species. These formed two subunits with molecular weights of 24kDa (apo.:.!) and 12kDa 
(apo-IT) which were in a molar ratio of 1:2. From this Ando and co-workers postulated 
that apo-I and apo-II formed a basic unit. The 70kDa lipoprotein species comprised two 
such units and the 500kDa species was comprised of fourteen units. This appears to 
contradict earlier work by Nakamura and co-workers (1985) where the HDL fraction 
containing astaxanthin in the serum of male and female chum salmon was characterised· 
as having a 170kDa to 200kDa molecular weight. 
""-1'---. -••••• -·--·~-.i 
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Ando et al., (1986a) demonstrated the carotenoid carrying characteristic of 
vitellogenin in the serum of upstream migrating female chum salmon. Twenty-four 
percent of the total serum carotenoids of the fish was bound to vitellogenin. Vitellogenin, 
as a precursor to egg yolk proteins, accumulates in the serum of non-mammalian 
vertebrate females during oocyte development (Redshaw and Follett, 1971). 
Ando and Hatano (1986) isolated two chum salmon egg yolk proteins, El 
(molecular weight250kDacomprising of three subunits of 90kDa, 20kDa and 8.5kDa) 
and E2 (molecular weight 36kDa comprising of two subunits of 15kDa and 12kDa) 
present in the molar ratio of 1:2. Absorbance at 480nm (due to carotenoids) was 
associated with El but not E2. Ando and Hatano (1991) confirmed the presence ofEl 
and E2 egg proteins in chum salmon, kokanee, masu salmon and rainbow trout with 
estimated-molecular weights of approximately 300kDa and 30kDa respectively. 
Absorbance at 480nm was confmned with El (identified as lipovitellin) but not E2. 
Ando and Hatano (1986) found the 90kDa molecular weight El subunit stained positive 
for lipids suggesting carotenoid (lipophilic) binding may occurto this subunit. Ando and 
Hatano (1986) postulated that El may have been lipovitellin (confmned by Ando and 
Hatano (1991» which is in accordance with the findings of Hara and Harai (1978) who 
isolated two rainbow trout egg yolk proteins which had "a clear yellowish colour", 
presumably from the presence of carotenoids. The two proteins had similar molecular 
weight characteristics to those isolated by Ando and Hatano (1986) however differed in 
subunit composition. Hara and Harai (1978) characterised El as a 300kDa protein 
comprising of two subunits of 90KDa and 15KDa. E2 was characterised as a 35kDa 
protein with a subunit of 15kDa. 
Table 2b characterises the amino acid composition of carotenoid associated egg 
yolk proteins, serum lipoproteins and the serum HDL of a number of salmonid species. 
Similarities are evident in high levels of Glu, Ala, Leu and Lys in conjunction with low 
levels ofCys in carotenoid associating proteins. Ando and-Hatano (1988) found 
similarities between the reaction of chum salmon apolipoproteins I and II and the insect 
carotenoid carrying lipoprotein, lipophorin, to trypsin digestion suggesting structural 
similarities. 
Recently Ando and Hatano (1991) determined the distribution of astaxanthin in 
the eggs of immature and mature salmonids. In the immature fish the carotenoid was---
associated primarily with the lipid fraction of the eggs. However in mature fish 
, 
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carotenoid + yolk: protein interactions predominated. This confinned earlier studies 
which indicated vitellogenin acts as a carotenoid carrying complex prior to and during 
egg maturation. Confusion surrounding the subunit composition of El and E2 described 
previously may be related to the developmental stage of the fish with respect to 
maturation and associated stages of vitellogenesis. 
Fatty acid profiles of all serum lipoprotein classes have shown 22:6 is the most 
commonJatty acid present andfonns between 35-40% of the total lipid fraction of 
rainbow -trout lipoproteins (Fremont and Marion, 1982). The fatty acid, 22:6, belongs to 
the c.>3 BFA (Essential Fatty Acid) series which must be supplied in the fishes diet. Data 
presented in chapter 4 of this thesis suggests an association between the digestibility of 
the c.>3 BFA series and the deposition of astaxanthin by chinook salmon. These 
experiments are described in chapter 4 of this thesis. The c.>3 series of fatty acids may 
- therefore play animportant role in the-transport of astaxanthin to the muscle as an 
integral part of carotenoid carrying lipoproteins. 
Nakamura et al., (1985) and Ando et al., (1986) described a small bathochromic 
shift in the ~max of serum HDL-astaxanthin (478nm) to the ~max of astaxanthin in 
petroleum ether (47Onm) suggesting that astaxanthin is not bound to the HDL covalently 
but was more weakly bound. Recently Henmi and co-workers described the binding of 
astaxanthin and canthaxanthin to actomyosin in sockeye and coho salmon (Henmi et al., 
1989). They proposed a carotenoid-actomyosin binding model in which the keto andlor 
hydroxy groups on one carotenoid p-ionone ring hydrogen bind to a-hydrophobic pocket 
in the surface of the actomyosin molecule. Three point-six percent of the astaxanthin 
present in the muscle was extracted with n-heptane. However 38% of the canthaxanthin 
was extracted indicating a weaker canthaxanthin-actomyosin interaction than the 
astaxanthin-actomyosin interaction. This may be explained by the proposed model due to 
astaxanthin having one hydroxy group (C3) and one keto group-(c4) per p-ionone ring 
and canthaxanthin having only one keto group (C4) per p-ionone ring available for 
hydrogen binding to the protein. 
Actomyosin was found to form complexes in vitro with free astaxanthin, 
astaxanthin monoester, canthaxanthin, zeaxanthin, echinone and p-carotene (indicating a 
p-ionone keto group is not necessary for complex formation) at levels of 0.78, 0.20, 0.49, 
0.47,0.33,0.09 "g carotenoidlmg protein respectively; Astaxanthin diester did not form 
an actomyosin complex due to steric hindrance by the long chain fatty acids bound at the 
--- - -,-
o."-~-_~?""'_'-_-_ .. "_':"-. 
.-~----_- __ -':_I 
11 
to a wide variety ofcarotenoids and lipids which is characteristic of a lipoprotein. Ando 
et al., (1986) suggested that the astaxanthih carrying lipoprotein isolated from the serum 
of chum salmon was not specific for astaxanthin and that it may carry an array of 
carotenoids which is agreement with the findings of Henmi et al., (1989) for the 
interactions at the muscle level. 
Proposed Carotenoid Actomyosin Binding Model (Henmi et al., 1989). 
Oli .... 
. ~O 
." ? 
6. . .... 
OH 
RO 
o Astaxant.hin monoest.er 
I 
Actomyosin 
Dotted line 
represents 
H-bonding 
It would appear that carotenoids associate with non-specific serum lipoproteins 
and are transported to the muscle where ~ carotenoid-actomyosin complex forms 
resulting in the characteristic red colouration of the flesh of salmonids. 
During maturation however, when major redistribution of muscle carotenoids 
occurs serum lipoproteins (primarily HDL and VHDL) and vitellogenin (in females only) 
are the major serum carotenoid transporters. The carotenoidsbind to egg yolk pr()teins 
(possibly lipovitellin) during oocyte development. Presumably those carotenoids bound 
to vitellogenin in the serum remain bound to this protein during the metabolic alteration 
of vitellogenin to lipovitellin and phosvitin in the egg. No reports are available on 
carotenoid binding proteins in the skin of salmonids. 
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Table2b. 
Ammo acid composition of salmonid carotenoid associated proteins. 
Reference 1 2 3 4 5 6 7 8 
Amino Acid 
Asp 7.5 7.4 6.9 6.3 7.3 7.7 8.4 8.8 
Thr 5.2 4.6 4.7 4.0 5.2 5.3 5.5 5.6 
Ser 4.4 4.3 4.4 3.4 4.3 4.8 12.7 8.1 
Glu 16.6 18.3 18.1 18.3 10.1 12.6 13.8 13.8 
Pro 5.2 3.8 4.3 4.6 .5.7 5.4 4.8 5.0 
Gly 5.1 5.5 4.6 5.0 4.1 4.1 5.1 5.3 
Ala 13.4 12.5 12.4 12.8 13.3 14.2 8.5 10.2 
Cysfl Tr Tr 0.4 2.3 0.9 
Val 7.6 6.3 7.5 7.6 8.3 7.7 4.6 5.1 
Met 0.9 2.7 3.4 3.4 2.6 2.6 2.3 2.0 
De 4.2 3.4 3.6 3.6 6.4 5.9 3.6 4.1 
Leu 12.1 12.1 10.4 10.4 10.3 10.4 8.1 8.5 
Tyr 4.8 4.4 4.5 4.8 3.1 2.9 3.0 3.0 
Phe 2.1 2.9 2.7 2.7 4.6 4.6 3.6 4.2 
His 2.5 2.4 2.7 2.4 2.5 2.2 2.9 2.9 
Lys 6.1 9.2 9.1 9.3 7.1 6.3 7.9 7.3 
Arg 4.3 4.0 3.9 4.4 4.5 4.4 5.3 5.6 
Tr Detected in trace quantities. 
1 Skinner and Rogie, (1978); rainbow trout HDL. 
2 Chapman et al., 1978; rainbow trout HDL. 
3 Nelson and Shore, 1974; pink salmon HDL. 
4 Ando et al., 1986b; chum salmon astaxanthin carrying lipoprotein. 
5 Ando and Hatano, 1986; El Egg yolk protein, chum salmon. 
6 Hara and Hami, 1978; El Egg yolk protein, rainbow trout 
7 Redshaw and Follett, (1971); vitellogenin. 
8 Redshaw and Follett, (1971) ; egg yolk lipovitellin. 
2.2.3 Carotenoids of Muscle Tissues. 
The muscle tissue of wild ·salmonids contains a number of carotenoid pigments. 
The major carotenoid present is astaxanthin which is generally present in excess of 75% 
of the tot81 carotenoids (Table 2a). Astaxanthin is present in the free form, and to a lesser 
extent as the monoester, in muscle tissue of salmon and trout. Ingested carotenoids are 
deposited largely unchanged into the muscle of salmon. However some metabolism of 
these carotenoids occurs prior to their deposition (section 2.4.2.1). Therefore the 
carotenoid profiles of salmonid muscle result mainly from the direct deposition of 
ingested carotenoids with some relatively minor metabolic products present. 
Direct comparisons of muscle carotenoid content between diadromous species is 
difficult due to the relatively unknown nature of the fish's feeding during the marine 
period and variability in assessment of the sexual status of the fish at capture. 
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2.2.4 Carotenoidsof the Skin. 
The skin and integuments contain a more complex pattern of carotenoids than 
the muscle due to extensive metabolism of ingested carotenoids which occurs after they 
are deposited (section 2.4). Skin carotenoid profiles change dramatically with the species 
. and the maturation status of the fish. 
There are some differences in international methods of carotenoid analyses. For 
example Japanese workers have isolated salmoxanthin (Mats uno et al., 1980; Kitahara, 
1984) as the major skin carotenoid. However there does not appear to be a structurally 
similar carotenoid reported by northern hemisphere workers. This anomaly has not been 
addressed. 
• . ( 
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Table2c. 
Relative concentrations (% total carotenoids) of carotenoid pigments in the muscle of salmonids. 
REFERENCE A B C D E F G H 
Astaxanthin 88.0 48.5 58.3 68.5 76.9 70.8 792- 99.8 
IJ-Carotene 
Cantbaxanthin 0.4 15.4 0.6 
Carotene-diol 
Carotene-trial 2.2 
Cryptoxanthin 0.1 
Cynthiaxanthin 2.4 16.3 12.9 4.5 2.0 2.6 
Diadinoxanthin 
Diatoxanthin 3.1 16.3 2.1 2.7 4.0 5.5 
Doradexanthin (O/+IJ) 4.0 9.5 6.8 3.0 2.2 2.5 
Echinone 
3' -Epilutein 2.4 0.5 3.1 
Lutein 2.5* 5.7 0.4 13.4 
Tunaxanthin A, B, C 2.9 0.2 
Zeaxanthin 3.1 9.5 5.1 12.2 13.5 8.6 10.3 
A Wild chum salmon. Kitahara, (1984). 
B Wild chum salmon. Mean values of male and female. MatsUDa et al., (1980). 
C WIld biwa trout. Mean of male and female. MatsUDa et al., (1980). 
D Wild red spotted masu salmon. Mean of male and female. MatsUDa et al., (1980). 
E Wild masu salmon. Male fish. MatsuDo et al., (1980). 
F Wild masu salmon. Kitahara, (1984). 
G Wild rainbow trout. Mean of four fish. Schiedt et al., (1986). 
H Wild sockeye salmon. Kitahara, (1984). 
* Includes 3' -epilutein 
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Key to Table 2d. 
A Atlantic salmon. Calculated as the mean of two experimental groups. Schiedt et al., (1988). 
B At1antic salmon. Fed astaxantbin (6Omg/Kg) for 1 year. Scbiedt et al., (1988). 
C At1antic salmon. Fed cantbaxanthin (6OmgIKg) for 1 year. Scbiedt et al., (1988). 
D Wild chum salmon. Mean values of male and female from 2 year groups. Matsuno et al., (1980). 
E Wild chum salmon. Kitahara, (1984). 
F Wild red spotted masu salmon. Mean values of male and female. Matsuno et al., (1980). 
G Wild biwa bOut Mean values of male and female from two year groups. Matsuno et al., (1980). 
H Wild masu salmon. Female fish. Matsuno et al., (1980). 
I Wild masu salmon. Kitahara, (1984). 
J Wild kokanee. Male fish. Matsuno et al., (1980). 
K Wild rainbow bOut Mean of four fish. Schiedt et ai., (1986). 
L Wild sockeye salmon. Kitahara, (1984). 
M Wild coho salmon. Kitahara, (1984). 
N Wild pink salmon. Kitahara, (1984). 
* Includes 3' -epilutein. ' 
# Includes a and fl doradexanthin. 
+ Includes Antheroxanthin. 
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Table2e. 
Relative concentrations of saImonid ovarian carotenoid pigments ('II total carotenoids). 
REFERENCE A 
Astaxanthin 80.9 
Canthaxanthin 6.6 
Cryptoxanthin 
Cyntbiaxantbin 
Diadinoxanthin 
Diatoxanthin 
Doradexanthin (O/+IJ) 
Lutein 
Zeaxanthin 9.8 
Unidentified 2.7Y 
TrTrace. 
Y Yellow carotenoids. 
A Wild chum salmon. Kitahara, (1984). 
B Wild chum salmon. Matsuno et al., (1980). 
C Wild sockeye salmon. Kitahara, (1984). 
D Wild coho salmon. Kitahara, (1984). 
E Wild masu salmon. Kitahara, (1984). 
F Wild masu salmon. Matsuno et al., (1980). 
B 
90.0 
2.4 
0.6 
2.6 
3.6 
3.0 
G Wild Red-spotted masu salmon. Matsuno et al., (1980). 
H Wild chum salmon. AnOO and Hatano (1991). 
I Wild landlocked kokanee. Ando and Hatano (1991). 
J Cultured kokanee. AnOO and Hatano (1991). 
K Wild masu salmon. Ando and Hatano (1991). 
L Cultured rainbow trout Ando and Hatano (1991). 
C D E 
97.9 94.0 17.8 
2.1 2.5 3.0 
4.4 
2.3 
0.7 
0.8 2.7 12.3 
0.2'1 2.8Y 0.6Y 
F 
80.2 
6.0 
2.8 
12.0 
G 
20.2 
65.0 
15.0 
H 
94 
1 
2 
3 
~ 
~ 
:: 
L 
. ~ 
I 
~: 
I 
39 
9 
10 
16 
26 
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J 
6 
16 
44 
32 
2 
K 
89 
Tr 
7 
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2 
72 
15 
9 
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2.3 Carotenoids and reproduction. 
2.3.1 Carotenoid redistribution. 
The most apparent redistribution of salmonid carotenoids occurs during 
maturation. The association of carotenoid pigments with the reproductive cycle of trout 
and salmonhas led to speculation that the carotenoidsmayplayan important role in the 
processes of oogenisis and in embryonic and larval development (section 2.3.2). 
Carotenoids present in the muscle tissues of female fish are primarily transferred from the 
muscle tissues to the developing ova. This is combined with some deposition in the 
integuments and skin (Steven, 1949; Crozier, 1970; Sivsteva and Dubrovin, 1982; 
Torrissen'and Torrissen,1985;- Torrissen and Naevdall988;Ando and Hatano, 1987). 
Carotenoids of male muscle tissues are mobilised and deposited exclusively in the skin at 
maturation. Recently considerable reductive metabolism of the major carotenoids in 
muscle tissues has been observed during their redistribution (section 2.4.2.2). Species 
variations are evident and the degree of carotenoid mobilisation and metabolism differs 
between genera. This may be linked to the tautology and the different nature of 
salmonids life cycles with respect to reproduction (anadromous/diadromous, 
single/multiple spawners). However, the types of carotenoid mobilised andlor 
metabolised and the target tissues of the carotenoids and their metabolites remain the 
same. 
- Astaxanthin is. the major carotenoid found in the developing ovary of wild 
salmonids (Table 2d.) although Matsuno et al., (1980) reported lutein as the main ovarian 
carotenoid (65% total carotenoids) of red-spotted masu salmon (Table 2d.). This is an 
interesting rmding because astaxanthin was found to be the major muscle carotenoid 
(68.5% totalcarotenoids)of the same group of fish. However astaxanthin was not 
detected in the developing ovary (Table 2b, Table 2d). The total carotenoid concentration 
of the oocysts of these fish was very low (2.0"g/g) suggesting the fish in this experiment 
were sampled at a very early stage of maturation. Sampling occurred in May which is 
early-summer in Japan and an early stage of vitellogenesis would be expected. Ovarian 
weight or gonadosomatic index are not given therefore verification of maturation status is 
not possible. If the fish were sexually immature astaxanthin mobilisation from the 
muscle tissue to the ovary associated with the onset of maturation may not have occurred. 
. - -.; .". 
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If this was the case the lack of astaxanthin in the developing ovary suggests that either the 
food source at this time of year contains no astaxanthin or red.,spotted masu salmon do 
not deposit astaxanthin directly from the diet into the developing ovary. ·Choubert (1985) 
and Guillou et al., (1991) have showed that the deposition of canthaxanthin to all tissues 
is extremely rapid once the carotenoid is detectable in the bloodstream. 
The wide variety of carotenoids detected in the skin of salmon is not observed in 
the ovllry~· This·suggestslharskin-carotenoids are not mobilised and deposited in the 
ovary during maturation. This is in agreement with early workby Steven (1949) who 
reported no depletion of skin carotenoid esters during maturation of brown trout. 
However Matsuno et al., (1980) could not detect canthaxanthin in the muscle of chum 
salmon but did detect the carotenoid in the skin and the ovary. This suggests that either 
canthaxanthin was mobilised from the skin to the ovary or the carotenoid was mobilised 
from the muscle (where it was in undetectable concentrations) and the relative 
muscle/eggvolume allowed for analytical detection in the egg. 
The relative concentrations ()f individual carotenoid pigments (% total 
carotenoids) in the muscle are different to those found in the ovary (Tables 2c, 2e). This 
is due to a number of factors. 
1. Reductive metabolism of astaxanthin prior to deposition in the ovary. 
2. Different binding strengths of the carotenoids by serum lipoproteins. It is 
interesting to note that the three carotenoids generally found in the highest proportions in 
the ovarian tissue (astaxanthin, canthaxanthin and zeaxanthin) are the three carotenoids 
which show the strongest pigment-protein (actomyosin) binding according to the model 
proposed by Henmi et al., (1989). Carotenoid binding to serum HDL andlor vitellogenin 
may be by a similar mechanism as the pigment-actomyosin interaction proposed by 
Henmi et al., (1989) which could account for these carotenoids being preferentially 
transported to and deposited in the developing ovary. 
One unfortunate aspect with the vast majority-of literature dealing with detailed 
analyses of maturing or mature salmonids is that little physiological information such as 
the gonadosomatic index is given. This information is necessary to calculate total 
milligrams of carotenoids present in the various tissues during maturity stages and is 
useful information in determining the maturation status of the experimental fish. One 
example of the usefulness of such data is in determining sex -differences in carotenoid-
levels. A well developed female fish may contain a vastly higher concentration of 
·_······r 
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carotenoids (/Jg present on a total carcass basis) than a male fish at an equivalent stage of 
. - . maturation due to the high concentration ofcarotenoids in the ovarian tissues. 
Steven (1949) reported that the muscle tissue of female brown trout was 
completely devoid of free carotenoids (lutein, fj-carotene, and astacene) at spawning due 
to the quantitative transfer of these carotenoids, unaltered, to the developing ova. 
However, skin carotenoid esters were not depleted. More recent work with other species 
has shown a wider variety ofcarotenoidsare present (Tables lao and lb.) and in pre-
spawning fish muscle tissues the transfer of carotenoids to the ova is-not quantitative and 
the muscle tissue is not totally devoid of carotenoid at spawning. Crozier (1970) reported 
that 67% of the muscle carotenoids of pre-spawning female sockeye salmon (0. nerka) 
were metabolised during the maturation process. However Crozier based this on the 
. comparison of the muscle and skin carotenoids from two different stocks of fish. Pre-
spawning carotenoid levels were determined on fish taken at sea near Juneau, Alaska 
while spawning fish were taken from the Wauk Wash river, British Columbia. 
Considerable metabolism of the muscle carotenoids of chum salmon (0. keta) has been 
observed (Ando and Hatano, 1987). Astaxanthin was converted to zeaxanthin during 
carotenoid redistribution as determined by a rise in the percentage of astaxanthin 
metabolites (4-keto zeaxanthin, and zeaxanthin) in the ovary and muscle relative to the 
astaxanthin level during maturation. 
Crozier (1970) studied wild male and female sockeye salmon (0. nerka) and did 
not find differences in carotenoid levels between the sexes. This is in contrast to rainbow 
trout where muscle carotenoid levels in females were found to be higher than males 
during maturation (Torrissen and Naevdal, 1988). The opposite was found for 
reconditioning fish suggesting that males transfer carotenoids from the skin back to 
muscle after spawning. A large percentage of female pre-spawning carotenoids are lost 
with ova during spawning. However males retain carotenoids in the skin and seemingly 
re-deposit some of these carotenoids in muscle tissue .. Presumably the astaxanthin 
mobilised from the skin of male rainbow trout during reconditioning is delipidated, if it is 
present in the skin as the diester form, and deposited as the free form, or the monoester 
prior to the formation of the actomyosin-astaxanthin complex (Henmi et al., 1989). 
Astaxanthin present in the skin as the monoester could be bound to actomyosin as such. 
Higher levels of the reductive metabolites of astaxanthin (4;.keto zeaxanthin and 
zeaxanthin) are found in the serum of male chum salmon than females (Ando and Hatano, 
" '.: ':: .. : 
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1986). This may be due the target tissues of these carotenoids.Astaxanthin and its 
metabolites are primarily-deposited in the ovary of the-females while these carotenoids 
are primarily deposited in the skin of the males. There may be a requirement for 
astaxanthin to be metabolised to a higher degree for deposition in the skin than for 
deposition in the ovary as shown by the wider variety of carotenoids present in the skin 
than the ovary . 
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.. The muscle 'carotenoid levels of adult; non spawning, brown trout (S._ trutta) 
accounts for only 50% of the total carotenoid content ofthe eggs at spawning (Steven, 
1949) whereas the muscle carotenoid levels of upstream migrating sockeye salmon and 
chum salmon represent approximately 3 and 10 times the total ovarian carotenoids 
immediately prior to spawning (Crozier, 1970; Ando and Hatano, 1987). The seemingly 
excessive levels of tissue carotenoids found in pre-spawning salmon which ultimately 
ensures high egg carotenoid levels suggests some important physiological role of the 
carotenoids in embryonic development and that the muscle may act simply as a medium 
tenn store. Trout muscle levels may not have to be as high as salmon levels due to the 
continuation of feeding during egg maturation and therefore the continual assimilation of 
carotenoids and their direct distribution to the ovaries (Steven, 1949). 
.·4T.'-'-'_'_'._.'.'L·f 
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2.3.2 The Speculative role of Carotenoids in Reproduction. 
The role of the carotenoids during the salmonid reproductive cycle is not clear. 
Visually the transfer of astaxanthin from the muscle to the skin results in bright 
colouration of male fish, depending on the species, which may be an important factor in 
species recognition during spawning. The active movement of carotenoid to the ovary by 
females has led to speculation that the carotenoidsplay-an-important physiological role in 
oocyte or embryonic development (Steveri, 1949; Hartmann etaZ., 1947; Deufel, 1965; 
Mikulin and Soin, 1975; litariu et aZ., 1968; Quantz, 1980; Torrissen, 1984; Harris, 1984; 
Tveranger, 1986). A number of reviews dealing with the role of carotenoids in salmonid 
egg development have been published (Tacon, 1981; Mikulin and Soin, 1975; Craik, 
1985). 
Pioneering work carried out by Steven (1949) with brown trout (S. trutta) is 
probably the first work to seriously address the question of the physiological importance 
of carotenoids during salmonid reproduction. The carotenoids of alevin yolk sacs were 
shown to be non-essential by Steven (1949) who removed 90% of the oil droplets from 
the yolk sacs. These larvae developed nonnally, differing only in their pale colour and 
lack of characteristic colour pattern. From this Steven (1949) concluded that the 
carotenoids do not have a physiological role in the development of juvenile trout and are 
present in eggs only to ensure correct development of species chromophore patterns. 
JJ-carotene has been implicated as having a directly positive effect on bovine 
fertility (Meyer etaZ., 1975; Lotthammer et aZ., 1976;Schams et aZ., 1977). A number of 
studies have investigated a direct link between salmonid carotenoids and fecundity. 
Duefel (1965) fed female rainbow trout 40mg canthaxanthin per kg feed for 8 weeks and 
reported enhancement of growth, rate of maturation and fecundity of the fish. More 
recent work appears to contradict these findings (Quantz, 1980; Harris,·1984; Tveranger, 
1986). Harris (1984) fed rainbow trout diets containing 20mg/kg and 4Omg/kg 
canthaxanthin for three and six months prior to spawning. No increases in fecundity due 
to the inclusion of canthaxanthin were observed. Similarly Tveranger (1986) fed rainbow 
trout a diet fortified with 10% krill meal for the eight months prior to spawning. The 
addition of krill meal resulted in dietary astaxanthin levels of 3.9mg/kg and 4.2mg/kg for 
duplicate groups (as opposed to 2.4mg/kg for control groups). The inclusion of 
astaxanthin did not result in any increases in fertilisation percentages which were 
"--- .... -..-------...~ .. -.---, 
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92.6t3.5% and 87.6t3.33% for controls and 92.7±2.83% and 93.8±2.58% for 3.9mg/Kg 
.. fed" and· 4.2mg/Kg fed 4ish respectively. Neither ·egg nor.alevinsurvivaLor growth of fry 
at start feeding was increased. Quantz (1980) fed astaxanthin (56.5mg/kg diet) and 
canthaxanthin (92.0mg/kg diet) to separate groups of female rainbow trout for eight 
weeks and 15 weeks prior to spawning however observed no differences in fertilisation 
rates to control groups. 
Some· of the chemicalcharacteristics.ofcarotenoids.may play an important role 
in the protection of the develolJirigembryo. Tacon (1981) suggests a carotenoid role 
similar to that of CIt-tocopherol citing data that fj-carotene is SOx faster than a-tocopherol 
at quenching singlet oxygen (a reactive and pathologically damaging oxygen species). 
Extensive expenditure of carotenoid pigments in the yolksac of lumpfish 
(Cyclopteruslumpus) during embryonic development has been observed. The 
expenditure of total carotenoids remaining during each developmental stage was, 0-7.5 
days 33.9%, 7.5-32.5 days 52%, 32.5-50.5 days (hatch) 38.8% and post hatch 10.6%. 
This tends to suggest a physiological role of the carotenoids in the development of the 
embryo. 
Speculation has arisen that the carotenoids may perform a respiratory function 
when 02 is low (Balon, 1977) which is supported by a number of other observations 
regarding adult fish behaviour and the physiological development of the embryo. The 
white fleshed strain of chinook salmon present in British Columbia and South-East 
Alaska (section 2.5), which are characterised by low muscle and therefore ovarian 
carotenoid levels, tend to spawnin cooler waterways and areas of higher rainfall than red 
fleshed strains (Hard et al., 1989). Cool, high flowing water contains high levels of 02 
(Raleigh et al., 1986) which may indicate the white fleshed fish eggs are not adapted to 
survive in wanner water with lower 02 concentrations where their red fleshed counter-
parts successfully spawn. This, in conjunction with common oceanic feed beds (and 
therefore nutritionally similar feed intake· during the early stages· of oocyte development) 
of red fleshed and white fleshed chinook salmon, implicates the carotenoid pigments in a 
role of assisting embryonic respiration. Slow flowing water also leads to higher 
concentrations of ammonia and waste products in direct contact with the egg and Mikulin 
and Soin (1975) suggest carotenoid pigments may playa role in protection of the embryo 
from these toxic species. 
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Jitariu et al., (1968) found that after fertilisation the respiratory system of brown 
tI'outeggs could not meeuhe metabolic demandsofthe developing embryo. They 
proposed a second electron transport system with the cafotenoidsplaying- an oxido-
reductive role. 
Mikulin and Soin (1975) cite a negative correlation between the depth of egg 
colour and the development of the embryonic blood system. However there is no 
evidence that the two parameters are in fact related to each other but the relationship may 
simply bea combination of the positive correlation of embryonic blood system 
development with time and the negative correlation of egg carotenoid levels with time. 
In water with sufficient 02 there is little risk of oxygen depletion to the developing 
embryo but in water with low 02 content a positive correlation between 02 consumption 
and carotenoid content is evident Rombrough (1987) reported the critical oxygen levels 
for steelhead embryos rose with increasing temperature which reflects directly higher 
metabolic activity. Also the critical oxygen level rises (Rombrough, 1987) with embryo 
development which is associated with a-decrease in egg carotenoid levels (Mikulin and 
Soin, 1975). 
Carotenoids quench reactive oxygen species (Burton, 1989) and speculation has 
arisen that they may playa role in protection to developing eggs from photodynamic 
damage. This does not explain the high content of carotenoid in salmonid eggs when the 
fish are lithoporous (egg burying) and the eggs are highly sensitive to light (Mikulin and 
Soin, 1975). Torrissen (1984) recorded mortality in the eggs of Atlantic salmon 
irradiated with light of different wavelenghths. Light radiating at wavelengths 
corresponding to the ~max of astaxanthin and canthaxanthin(450-500nm) resulted in the 
highest mortalities. Mortality of highly pigmented eggs was higher than the mortality of 
eggs with low carotenoid levels. White light exposure led to mortality increases of up to 
80% after 35 days. The mortality was greatest when the eggs were still green. UV light 
irradiation led to a steady niteof mortality reaching 25% by 60 days but a rapid increase 
thereafter to 75% up to 80 days. This corresponded to the early to mid-eyed stage. 
Under yellow light no mortalities were recorded until 60 days when there was a rapid 
increase (5% to 70%) between 80 days and 95 days. This corresponded to the period 
from the late-eyed stage until hatch. 
Knox et al., (1988) compared the viability to swim up of rainbow- trout eggs fed 
full (0.7% body weight/day) and half (0.35% body weight/day) rations however did not 
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find differences in survival although composition differed slightly and there was a 
teducti()n in'egg size;cRelationship'between food supply and fecundity in brown trout 
was studied by (Baegnal et al., 1969). Well fed fish were found to Contain more smaller 
(lighter by dry weight) eggs than poorly fed fish however the well fed fish eggs were 
heavier and larger when studied in the green state. 
Schiedt et al., (1985) showed the conversion of astaxanthin to Vitamin Al and 
A2 in rainbow trout fed adietdeficientinVitamin A .. Speculation that astaxanthin may 
playa similar role in the development of the embryo has arisen. 
The carotenoids quench singlet oxygen and inhibit free radical initiation thereby 
decreasing reactive by-products from natural oxido-reductive processes which can 
damage DNA and cell membranes (Burton, 1989; Bendich, 1989). Recently the 
carotenoids have been recognised as important immunological substances in mammalian 
studies. Tumour development in tumour treated mice fed astaxanthin, canthaxanthin or 
,Jj-carotenesupplemented diets results in up to a 7x decrease in tumour size and a delay in 
onset (Krinsky, 1989). Carotenoids exert their effects by interfering with the promotional 
and progressional phases of carcinogenesis irrespective of initiation. These effects have 
been shown in chemically and radiation induced skin and organ cancers (Krinsky, 1989). 
Jj-carotene and canthaxanthin dietary supplementation of hamsters leads to increased 
production of tumour necrosis factor which kills tumour cells directly and increases 
macrophage ability to kill tumour cells (Bendich, 1989). 
Lipid oxidation results in the formation of peroxides which are 
immunosuppressive.Carotenoids protect lipid from oxidation and as such may play an 
important immunological role in protecting the developing embryo and 'alevin. Torrissen 
and Tonissen (1985) reported higher Atlantic salmon fry growth for groups fed with 
astaxanthin (3Omg/kg) and canthaxanthin (3Omg/kg) as opposed to control groups fed no 
supplementary carotenoids. Torrissen and Torrissen (1985) speculated this may be due to 
biological antioxidant effects. 
Chemotaxis of spermatozoa has been reported by Hartmann et al. (1947) 
however this effect could not be repeated by Quantz (1980). Also the carotenoids are 
hydrophobic and would have to be present in aqueous phase to exert chemotactic 
, influences on sperm (Mikulin, 1975). 
The role 'of the carotenoid pigments in oogenysis, embryonic development and, 
alevin survival, if any, has not been elucidated. There is a large amount of speculation 
~.,_,_._._. '_'1'_'_'_-_' 
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founded mainly on the presence of thecarotenoids in particular tissues at various stages 
of reproductive development and on the chemical nature ofcarotenoids asa redox 
reactive species. The role of carotenoids in broodstock rearing is uncertain however 
detailed experimental work in this area is difficult as literature dealing with the nutritional 
requirements of salmon during this stage is scarce and contradictory. 
<. '., . "-r 
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2.4 Carotenoid metabolism· 
There are a number of astaxanthin and canthaxanthin metabolites present in the 
skin and muscle tissue of salmonids. The nature of these carotenoids depends on the type 
and nature of dietary carotenoids, the maturation status of the fish and rearing conditions. 
The muscle generally contains hydroxy or dihydroxy derivatives of astaxanthin. The skin 
contahls more complex hydroxy and epoxy derivativesofastaxanthin. 
2.4.1 Optically Active Astaxanthin. 
Astaxanthin exists in optically active (3R,3'R)- and (3S,3'S)- and the optically 
.. inactive (3R,3'S)-meso fonns. Recent work has focussed on the metabolism of 
astaxanthin bysalmonids with reference to theirenantiomeric states. Schiedt et al., 
(1981) found highly variable concentrations ofastaxanthinbetweenthe muscle tissues of 
Atlantic salmon (3.1-8.1 "g/g) , chum salmon (3.4"glg), sockeye salmon (34.3"glg) and 
coho salmon (20.9 "gig) taken from various locations around Europe and Canada. 
However, the configuration of the astaxanthin optical isomers were remarkably similar 
12-17% (3R,3'R)-, 78-85% (3S,3'S)-, 2-6% (3R,3'S)-meso. Lura and Saegrov (1991) 
have confirmed the astaxanthin configurational similarities between wild salmonids. 
They found astaxanthin isomeric ratios of 14-16%, 79-82% and 4-5% for (3R,3'R), 
(3S,3'S) and (3R,3'S}-meso respectively. This suggests that either a C3-isomerase is 
-present in the absorption/deposition process and thatastaxanthin is metabolised to a 
desired favourable isomeric ratio or that the similar isomeric fonns originate from feed 
patterns. 
Further work feeding individual optical isomers to salmonids has showed the 
latter to be the case (Foss et al.,1984; Storebakken et al.,1985; Schiedt et al., 1985, 
1986). Foss et al., (1984) fed rainbow trout diets containing individual astaxanthin 
epimers «3R,3 'R)-, (3R,3' S)-meso and (3S,3' S)-),a racemic mixture of astaxanthin 
(1:2:1 (3R,3'R)-:(3R,3'S)-:(3S,3'S)-) and canthaxanthin. Astaxanthin was deposited 
unaltered in the flesh with no epimerisation occurring around the C3 and C3' chiral 
. centres. Fish fed individual optical isomers were found to contain only that isomer in 
their flesh and the fish fed the 1 :2: 1 racemic mixture showed this ratio of epimers in their 
muscle tissues. These findings were verified for Atlantic salmon by Storebakken et al., 
27 
(1985) in an identical feeding experiment. It can therefore be concluded that there is no 
epimerisation of astaxanthinduringabsorption or deposition. 
Schiedt et al., (1986) examined the chirallity of astaxanthin in wild rainbow 
trout. Astaxanthin in the flesh was found exclusively as (3S,3'S)-astaxanthin. This was 
explained by an dietary astaxanthin source of exclusively the (3S,3'S)-enantiomer. This 
is in agreement with a study by Storebakken et al., (1984) where the same chirallity of 
flesh carotenoids for S. ~alpinusand S .trutta to their crustacean food source was found. 
The pred()inination of (3S,3'S)-astaxanthin in wild salmonids is confirmed by Lura and 
Saegrov (1991) and confIrms the supported by Foss et al., (1987) who found a ratio of 
14:3:83 (3R,3'R):(3R,3'S):(3S,3'S) in the copepOd Canalusfinmarchicus. CopepOds 
(Canalus) were identifIed as the dominant crustacean zooplankton present in the main 
feed bed of wild Norweigan Atlantic salmon. 
Recently Lura and Saegrov (1991) have presented analyses of optical isomers in 
salmon eggs as a methOd of determining the origins (farmed or wild) of female Atlantic 
salmon spawning in Norway. These analyses can subsequently be used to determine the 
impact that spawning success of escaped farmed female Atlantic salmon has relative to 
wild populations. 
2.4.2 Reductive Metabolism. 
Carotenoid metabolic pathways in the skin of salmonids have been elucidated 
from the-identification ofa number of metabolites of astaxanthin. As analytical methods 
for the detection of trace quantities of carotenoids have improved these metabolites have 
been shown to be intermediate products in complex reductive and epimeric metabolism. 
The conversion of astaxanthin to zeaxanthin has been confmned in the skin of 
rainbow trout (Abdulraham et al., 1988; Katsuyama et al., 1987; Schiedt et al., 1985) and 
Atlantic salmon (Schiedt et al., 1985; 1988). 
Schiedt et al., (1985) showed that astaxanthin was converted to zeaxanthin via 
~-adonixanthin by rainbow trout and that during this reductive transformation there was 
no epimerisation at C3/C3' chiral astaxanthin centres. Schiedt et al., (1986) examined 
the chirallity of astaxanthin, adonixanthin and zeaxanthin in wild rainbow trout. 
Astaxanthin in the flesh was found exclusively as (3S,3'S)-astaxanthin which-was 
explained by a dietary astaxanthin source of exclusively the (3S,3'S)- enantiomer. This is 
, . . 
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in agreement with a study by Storebakkenet al., 1984 where the same chirallity of flesh 
~-carotenoids for S.-alpinusand S~·trutta'totheir crustacean food source was found. 
Numerous feeding experiments utilising synthetic mixtures of astaxanthin isomers have 
found the same result for farmed fish. 
Katsuyama et al., 1987 fed rainbow trout individual stereoisomers of astaxanthin 
esters and reported astaxanthin diesters are absorbed and deposited in the integuments 
keeping'theirconfigurationhoweverthere was. some, metabolism to zeaxanthin which 
resulted in a enantiomeric mixture of zeaxanthin in the skin. During reductive conversion 
of astaxanthin to zeaxanthin racemic conversion about the C3 chiral centre occurred 
resulting in the skin containing (3R,3'R)-zeaxanthin > (3R,3'S)-zeaxanthin > (3S,3'S)-
zeaxanthin. The reductive metabolism of astaxanthin to zeaxanthin could not be found in 
the muscle. Configurational alteration during metabolism is in contrast to the results of 
Schiedt et al., 1985 who found no such alteration at C3/C3' during the metabolism of 
astaxanthin to zeaxanthin in the skin. 
In a series of experiments Schiedt et al., 1988 fed astaxanthin or canthaxanthin 
to different groups of Atlantic salmon. The carotenoids were found in the muscle of the 
respective groups of fish largely unaltered. However astaxanthin and canthaxanthin 
accounted for only 20% and 14% total skin carotenoids for the two groups respectively. 
70% of the skin carotenoids were metabolites and the remaining 10% were basal as 
determined by comparison to control fish. Schiedt et al., 1988 proposed that astaxanthin 
was metabolised in the skin via idoxanthin, adonixanthin to zeaxanthin primarily 
. however there was also some conversion of zeaxanthin tozeaxanthin-5,6and 5,8-
epoxides. Enantiomeric ratios of zeaxanthin varied greatly. Canthaxanthin was proposed 
to follow a metabolic pathway via 4'-hydroxy-echinone, echinone and 4-hydroxy-fj,fj-
carotene. 
-This is in agreement with her earlier work (Schiedt et al., 1985) when 
astaxanthin conversion to idoxanthin was observed in in Atlantic salmon and agrees with 
Kitahara for chum salmon. Idoxanthin has not been detected in the skin of rainbow trout 
which may be due to the kinetics of short lived species rather than the lack of an 
equivalent pathway (Schiedt et al., 1985). 
Schiedt et al., 1988 fed an astaxanthin racemic mixture comprising of (3R,3 'R)-, 
(3R,3'S)-and (3S,3'S)- (1:2:1) to an Atlantic salmon and observed the conversion of the 
enantiomers to idoxanthin. The enzymatic reduction of astaxanthin to idoxanthin was 
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stereospecific leading to the formation of a 4' -hydroxy irrespective of the enantiomeric 
- . natureoftheoastaxanthin C3'. Fourstereoisomers ofidoxanthin resulted from feeding the 
racemic astaxanthin mixture. (3S,3'R,4'R)-, (3R,3'R,4'R)-, (3S,3'S,4'R)- (3R,3'S,4'R)-
idoxanthin were found in the ratio of 1: 1: 1 :2. The sum of the two meso enantiomers 
«3S,3'R,4'R)- and (3R,3'S,4'R)-) leads to ratio of 1:2:1 which was the same as the 
dietary astaxanthin enantiomeric ratio. Therefore all three astaxanthin stereoisomers were 
~reduced to the same extent and their reduction wasostereospecificresulting in a hydroxy 
group at the 4 ' position of idoxanthin. 
It is interesting to note that Matsuno et al., (1985) report the metabolic 
conversion of (3S,3'S)- astaxanthin to (3S,6S,3'S,6'S)-, (3R,6S,3'S,6'S)-, 
(3R,6S,3'R,6'S)-e,e-carotene-3,3'-diol (tunaxanthin A, B, C) via idoxanthin in a number 
of non-salmonid fish species before deposition in the egg. Tunaxanthin A, B, C have 
been identified in the muscle and skin of masu salmon, red spotted masu salmonid and 
biwa trout (Mats uno, 1980) however a similar metabolic pathway for salmonids has not 
been identified possibly due to intermediate kinetics. 
Dietary lutein has been found to undergo epimerisation to 3' -epilutein in the 
skin of rainbow trout (Schiedt et al., 1985; Abdulraham et al., 1988). The transformation 
was not due to the presence of a simple C3 epimerase because neither astaxanthin nor 
zeaxanthin, which were also present, underwent epimerisation about C3. It is likely the 
transformation of lutein was a result of successive stereospecific reduction via 3' ,0-
didehydrolutein. 
Schiedt et al., 1986 found more variability in the chirallity of skin metabolites. 
(3R,3'R)-zeaxanthin, (3R,3'R,6'R)-lutein and (3R,3'S,6'R)-epilutein were found in the 
skin. The presence of lutein in this study was due to the assimilation of dietary lutein and 
epilutein was from the metabolic transformation of dietary lutein. (3R,3 'R)-zeaxanthin 
was present as a metabolite of astaxanthin. Only (3S,3'S)-astaxanthin was present in the 
diets of the trout (as seen by the exclusive deposition of thisepimerin the muscle)-
therefore during reductive metabolism to zeaxanthin isomerisation occurs around the 
C3/C3' chiral centres of astaxanthin. 
Astaxanthin is converted to vitamin A in fish deficient the dietary vitamin. The 
conversion of astaxanthin to vitamin A occurs in the intestinal tract via a l3-carotene 
intermediate to vitamin Al and A2 (Schiedt 1985). 
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Reductive metabolism of astaxanthin occurs during carotenoid mobilisation at 
maturation; -This metabolism is- reflected in the higher concentrations of astaxanthin 
metabolites present in the ovary than the muscle (The major source of ovarian 
carotenoids) as summarised in Table 2c. Also carotenoids which are mobilised from the 
muscle are deposited in the skin during maturation and extensive metabolism occurs prior 
to or during deposition. 
--- Kitahara~(1984)reportedtheconversion of cas taxa nth in to zeaxanthin in the 
muscle of upstream migrating chum· salmon. This is the only report to identify 
astaxanthin metabolism in the muscle. Increased levels of zeaxanthin and the 
intermediate 4-keto zeaxanthin were found in the serum and the skin in addition to the 
muscle. The degree of metabolism of astaxanthin to zeaxanthin in the muscle tissue may 
be'dependent on the sexual status of the fish similar to the increased conversion of 
astaxanthin to vitamin A in the liver of hypovitaminosed salmonids nearing maturity 
(Schiedt et al., 1985); March et al., (1990) found that metabolism of astaxanthin occurs 
following absorption but prior- to deposition in salmonids fed radiolabelled astaxanthin. 
No metabolites were identified however. 
Abdulraham et al., 1988 isolated astaxanthin, lutein and zeaxanthin from 
rainbow trout fed racemic astaxanthin. Zeaxanthin levels in the skin increased with 
increasing astaxanthin feed level indicating the conversion of astaxanthin to zeaxanthin 
by the fish. No increase in zeaxanthin was seen in the muscle suggesting the conversion 
ofastaxanthin to zeaxanthin took place afterastaxanthin deposition deposition in the 
skin. 
In summary all evidence to date suggests that astaxanthin is deposited in the 
muscle tissue of salmonids largely unaltered. Deposition in the skin, whether associated 
with normal skin deposition of maturation is preceded or accompanied by significant 
reductive metabolic alterations; 
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2.5 The genetics of salmonidpigmentation. 
2.5.1 Genetic Determination of Flesh Colour. 
Considerable variation can be seen in the degree of flesh pigmentation of 
salmonids reared under identical conditions (Torrissen and Naevdal, 1984; Blanc and 
Choubert, 1985; Iwamotoetal.,1990)-or between wild fishfrom similar geographic 
locations (Tave, 1989; McCallum etal., 1987; Withler, 1986). This variability is 
primarily under genetic control. 
Pigmentation and some of the factors which influence pigmentation, such as 
growth and maturity, are under genetic control. Torrissen and Naevdal (1984) reported 
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, significant differences in flesh colour between full and half-sibling groups of rainbow 
trout. However Blanc andChoubert (1985) found no significant differences between 
flesh colour heritability for full and half.;.sibling rainbow trout. In later work with 
Atlantic salmon Torrissen and Naevdal' (1988) found flesh carotenoid levels with a range 
of 42% about the mean value between full-sibling groups of fish. 
In the Harrison Rapids of the Fraser River system (British Columbia) chinook 
salmon are classified as being either of the white type or the red type (McCallum et al., 
1987; Tave, 1989) on the basis of their flesh colour. The presence of these two 
distinctive phenotypic expressions has proved to be a useful tool in the study of flesh 
·colour genotypes in chinook salmon. The colour of the white fleshed-and red fleshed 
chinook salmon is under the control of two major genes (A and B) but the variation of 
flesh colour seen within the red fleshed group is a polygenic trait (Withler, 1986; 
McCallum et al., 1987). Hard (1987) reported white fleshed coho salmon but they are 
very rare. McCallum et al., (1987) found the level of flesh colour decreased toward the 
tail in some chinook salmon. This characteristic of chinook salmon is known as piebald 
and is recorded as early as 1916 by Prince (1916) .. 
One of the problems with studies of white and red fleshed chinook salmon has 
been the determination of the phenotype of mature fish at spawning. All chinook salmon 
are characterised by white flesh after redistribution of carotenoids to the ovaries (female) 
or skin (male) as described in section 2.3.1. Withler (1985) reared chinook salmon which 
were genotypically white fleshed or red fleshed in sea cages. The white fleshed fish 
reached a level of muscle carotenoids ofO.24:tO.04"g/g while the red fleshed fish 
•• --:"-"'-'_:_OC',·' 
attained muscle pigmentation at a level of 3.37 ±0.14#g/g. This demonstrates that the 
. white fleshed salmon do contain trace ·levels of carotenoid pigments in their muscle. 
Withler (1985) speculated that white fleshed chinook (and presumably the rarer white 
fleshed coho) are either deficient in some enzyme mediated step(s) in the metabolic 
pathway of carotenoid absorption and deposition or they are capable of oxidising the 
dietary carotenoids to a colourless state before deposition. March et al., (1990) found 
. high-concentrations· ofcastaxanthin in the serum of genetically white chinook salmon 24 
hours after dosing. 96 hours after dosing astaxanthin had dissappeared from the serum 
with no deposition in the muscle confirming metabolism to colourless (unspecified) 
derivatives. 
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From these experiments Withler (1985) proposed a two loci model for flesh 
colour in chinook salmon. Each locus has two alleles. In order for a chinook salmon to 
be phenotypically red it must possess at least one dominant A allele and one dominant B 
allele. Phenotypically red chinook must therefore have one of the following genotypes, 
AaBb, AaBB, AABB, AABb, while chinook with aaBb, aabb, aaBB, Aabb, AAbb 
genotypes will not express any red fleshed characteristics. When a red phenotype occurs 
there remains a large degree of "within red" flesh colour variation. This variation is 
under the control of a larger number of alleles (Withler, 1985; McCallum et al., 1987; 
Tave, 1989). 
Most genetic studies have been based on objective assessments of flesh colour of 
the fish.Withler (1985), Hard (1987) and MCCallum et al., (1987) showed that all 
chinook salmon have a degree ()f muscle pigmentation (if exposed to dietary carotenoids) 
and visual differences are due exclusively to variability in carotenoid concentration. 
MCCallum (1987) found slight flesh colouration of the progeny of white x white chinook 
salmon matings at 120 weeks of age after feeding on 1oog/tonne canthaxanthin for 50 
weeks and for the last 30 also 750-800 ppm astaxanthin (as the ester). 
The relationship between visual scoring of flesh colour and carotenoid levels is 
not linear at high carotenoid levels due to the inability of the eye to detect differences as 
the red colour becomes more intense (Torrissen and Naevdal, 1988). 
In South-East Alaska red chinook salmon account for 60-95% of all chinook 
taken in wild fisheries whereas in Western Alaska, chinook are almost exclusively red 
however there are two exceptions~ In the Harrison and Quesnel Rivers (both tributaries of 
the Fraser River, British Columbia) chinook salmon are almost 100% white and 50% 
._"_._._"-... _ .. ,_ ..... 
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white respectively (Hard 1987). Hard et al., (1989) further defined differences in the 
. , geographic occurrence of white fleshed and red fleshed chinook salmon. The red:white 
ratio in the South Alaska 1984-85 troll fishery was 1:2.5 however the white fleshed 
chinook were confmed to the short rivers of South-East Alaska (Chilkat, Taku, Unak and 
Chickamin rivers) and the lower reaches of the larger Skeena and Fraser rivers of British 
Columbia during spawning. The occurrence of white fleshed chinook salmon spawning 
. in predominantly coastal regions may reflect some physiological role of thecarotenoids 
in oocyte development (section 2.3.2). The coastal regions have cooler water 
temperatures and higher rainfall in the summer than the upstream reaches which may 
reflect a role in embryonic oxygenation. This also is supported by the fact that chinook 
salmon are generally ecologically specialised to spawning in large drainage habitats 
(Raleigh et al., 1986). 
In controlled breeding experiments with chinook salmon, Atlantic salmon and 
. rainbow trout, differences have been observed between the sire and dam components of 
flesh colour (Gjerde and Gjedrem, 1984; McCallum et al., 1987; Blanc-and Choubert, 
1985). Gjerde and Gjedrem (1984) reported low heritability of flesh colour in Atlantic 
salmon. In the same study heritabilities of flesh colour for rainbow trout were not 
significantly different from zero for the sire component, however the dam component was 
significant indicating maternalandlor non additive genetic effects on flesh colour of 
sibling groups. McCallum et al., (1987) studied too few chinook salmon to estimate 
heritability however, heterogeneity among parents suggested carotenoid deposition was 
under the control of a small number of genes with large non...,additive effects. Red dams 
resulted in higher progeny colour than white dams and red sires resulted in better 
offspring colour than white sires however the dam effect was more pronounced than the 
sire effect. Reciprocal crosses were also consistent with the dam effect. 
Salmonid skin carotenoids are more diverse than muscle carotenoids. The skin 
contains an array of carotenoid (Table 2b.}-andmelanoidpigments, not found in the 
muscle. Similarly to muscle carotenoids, skin pigmentation expressed by salmonids is 
under genetic control and phenotypic variants have been studied. 
Bridges and Von Limbach (1972) showed that albinoism (the lack of skin 
melanoid pigments) was a simple autosomal recessive character and that under laboratory 
conditions albinos did not differ in fecundity, egg viability or growth rate from normal 
_-,: _: __ -_'-'_- .. _-J-:--_, 
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rainbow trout. The low frequency of albinoism in wild populations may suggest a 
disadvantage to these fish in stream or lake environments. 
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Kincaid (1975) described the genetic characteristics of iridescent metallic blUe 
(1MB) rainbow trout. 1MB rainbow trout are found in families from Manchester, 
Donaldson, Wytheville and Sand Creek strains of rainbow trout and are phenotypically 
characterised as having bright blue skin colouration from the ages of approximately 240-
630days.--Kincaid reported thatIMBrainbow trout were 23% heavier at 364 days of age 
than normal fish of the same age and that selection for weight has tended to favour the 
propagation of these families. The association of growth and the 1MB phenotypes led 
Kincaid to conclude that the 1MB gene is associated with a major growth gene or gene 
complex and consists of a single recessive locus with incomplete penetrance. The blue 
-colouration of the fast growing 1MB rainbow trout may be used as a marker for a 
hatchery program to increase fish growth rate. Due to the short period of phenotypic 
expression of the 1MB genotype the skin colour of the fish would have no impact on their 
market acceptance. 
2.5.2 Genetic Control of Factors Effecting Carotenoid Deposition. 
Genetic factors other than the control of carotenoid deposition "per se" influence 
flesh colour of salmonids. 
The age offirst pigmentation of red fleshed chinook salmon is under genetic 
"control. Progeny from Red x Red and White x Red matings are the only fish pigmenting 
at 70g (McCallum et al., 1987). 
Salmonid pigmentation is positively correlated to fish growth rate although 
Torrissen and Naevdal (1988) report a negative correlation between fish weight and the 
level of fleshcarotenoids. Dietary effects playa large role in the determination of the 
significance of this factor however under ideal dietary conditions the genetic potential for 
growth is limiting. Fish growth rate is under genetic control (Kincaid et al., 1977; Bailey 
and Loudenslager, 1986; Thorpe et al., 1983; Naevdal etal., 1981; Gunnes and Gjedrem, 
1978, 1982; Withler et al., 1987). In a breeding program with rainbow trout Kincaid et 
al., (1977) obtained a 2.6x increase in the body weight of rainbow trout over 4 
generations. Only 30.1 % of this weight gain was attributed to-genetic gain and the 
remaining 69.9% was from improved farming conditions. Naevdal et al., (1981) found 
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that additive genetic factors account for at least part of the growth rate variation seen in 
. -rainbow trout andWithler(1979) found. thatmaternateffectsand non...;additive genetic 
variation were the sole detenninants of body weight in chinook salmon. Blanc and 
Choubert (1985) showed that pigmentation is correlated with fish weight but the variation 
in weight accounts for only a minor part of the flesh colour variation seen in marketed 
fish colour. 
··c 'Often carotenoid retention resultscfor salmonid experiments are expressed as a 
function of weight gain and as such; care must be taken when this data is intetpreted that 
genetic growth rate variation is considered if possible. Genetic variation for the 
expression of body weight is three times greater than the variation for body length for 
rainbow trout (Gunnes and Gjedrem, 1982) and Atlantic salmon (Gunnes and Gjedrem, 
1978). Gjerde and Gjedrem (1984) showed that heritability for body length was lower 
than the heritability for body weight howeverj Bailey and Loudenslager (1986) showed 
.·that rapid genetic gain is possible for increases in the phenotypic expression of body 
length and weight. Gjerde and Gjedrein (1984) found heritabilities for ungutted and 
gutted fish weight were very similar. In the hatchery situation where a farmer is paid on 
the basis of eviscerated weight, not length, live (viscera in) weight is a superior selection 
measure than the condition factor. 
Genetic variation in the age atmaturity between strains and sibling groups of 
Atlantic salmon has been reported (Naevdal et al., 1978, 1981; Gunnes and Gjedrem, 
1978; Thorpe etal., 1983). Maturation leads to depigmentation of muscle tissue (section 
2.3.1). The possibility exists of manipulating the expression of maturity before harvest of 
farmed stocks by photoperiod or feed control (MacQuarrie et al., 1978; Rowe and 
Thorpe, 1990; Thorpe et al., 1990). Torrissen and Naevdal (1988) cite genetic 
background to sexual maturation and fish size as being major influences on carotenoid 
deposition in Atlantic salmon grown under the same conditions and these criteria should 
be used in brood selection. Naevdal et al., (1981) showed the age offrrst maturity for-
rainbow trout is under the control of additive and non-' additive genetic effects. Thotpe et 
al., (1983) found that maturity as parr increased by 2.4 to 14.7% and 2.6 to 2.7% over 
second and third generation Atlantic salmon respectively when mature parr were used as 
sires. They concluded that stock selection for rapid growth and late maturation may be 
incompatible objectives for Atlantic salmon culture and that it is best to genetically select 
for rapid development and suppress maturation through diet and fish management. Stahl 
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(1983) and Withler (1987) expressed concemat hatchery stocks of Atlantic and chinook 
salmon being genetically 'more similar toone another than natural populations. Gene 
diversity was 23% lower for hatchery Atlantic salmon due to reductions in the amount of 
within stock variation and the divergence between stocks. The input of wild stock to 
hatcheries must be considered (Stahl, 1983) or hatchery spawning practices must be 
rigorously controlled (Withler, 1988) to maintain an adequate variability within the gene 
pool. 
--
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2.6 Commercial pigmentation of salmonids. 
2.6.1 Commercially available carotenoid sources. 
2.6.1.1 Phaftia rhodozyma. 
-Phajfia rhodozyma,(fype strain, UCD-FS&T 67-210; ATCC 24202; CBS 5905}. 
, found in exudates from deciduous trees is a red yeast of the -genus Deuteromycotina 
(Blastomycetes) as characterised by Miller et al., (1976), contains all-trans astaxanthin as 
its major carotenoid pigment (Andrewes and Starr, 1976; Andrewes et al., 1976; Johnson 
et al., 1977; Johnson et al., 1978; Johnson and Lewis, 1979; Johnson et al., 1980; 
. Johnson et "al., 1980; Andrewes et al., 1980;Okagbue and Lewis, -1983;Okagbue and 
Lewis, 1984; Okagbue and Lewis, 1985; An et at., 1989). The synthesis of astaxanthin 
by P. rhodozyma varies widely depending upon culture conditions and yeast strain 
(Johnsonet al., 1979; Okagbue and Lewis, 1984). Recently An et al., (1989) isolated 
antimycin-susceptible mutants of P. rhodozyma, ant-l (595pglg astaxanthin after 3.5 
days incubation) and ant-I-4, which contained significantly higher concentrations of 
astaxanthin than strain 67-210 (171pglg astaxanthin after 3.5 days incubation). Two 
successive mutations of ant-I-4 yielded astaxanthin concentrations of more than 
2000pg/g. Carotenoid superproducing strains of Phycomyces blakesleeanus have been 
reported in which the IJ-carotene concentrations increased from 56 to 25,000 pglg 
(Murillo et-al., 1978). The ability to manipulate carotenoid levels through mutation may 
make commercial culture of P. rhodozyma for astaxanthin production attractive. A 
number of companies have recently been fo~ed for this purpose (Pro~esta Corp. USA 
producing "Pro-asta"; Lefersa Lianicatos SA, San Tiago, Chile producing "ASTAXIN"; 
Lefersal Igene Biotechnology, Columbia, Maryland, USA producing "ASTAXIN"). 
Andrewes et al., (1976) reported astaxanthin accounted for 83% to 87% of the 
total carotenoid pigments of P. rhodozyma and proposed a biosynthetic pathway based on 
the isolation of intermediates (neurosporene, lycopene, IJ-carotene, echinone, 3-
hydroxyechinone and phoenicoxanthin). Andrewes and Starr (1976) further characterised 
the astaxanthin found in P. rhodozyma and found the (3R,3 'R)- astaxanthin enantiomer 
present exclusively. Astaxanthin isolated from the flesh of wild rainbow trout is 
exclusively of the (3S,3'S)- configuration (Schiedt et al., 1986). Schiedt et al., (1981) 
_-.~. _-:. ~:-~._,-,_- .. ...-J 
~:- .. -- . ~ _. - . -': .:..: 
'_'~-_"'_4 .'-,~ ___ .=-:_"'-__ -"':--: 
__ -_ ••••• _-_.~-_,_-_- . : _r, 
38 
found the occurrence of enantiomeric and meso-astaxanthin from the flesh of wild salmon 
of the Oncorhynchus and'Salmogenus caught from different geographical locations show 
very little variation in relative composition (78% to 85% (3S,3'S)-, 12% to 17% 
(3R,3'R)- and 2% to 6% (3R,3'S)-meso-astaxanthin). Rainbow trout utilise the optical 
isomers (3R,3'R)-, (3S,3'S)-, (3R,3'S)-astaxanthin to the same degree (Foss et al., 1984). 
Therefore, although differing in racemic composition to natural salmon, the astaxanthin 
. synthesised by P;thodozyma may be a -useful source of the pigment. 
The indigestible cell wall of yeasts results in very little absorption of the 
potential nutrients and carotenoids present when whole yeast is incorporated into the diet 
of salmonids. A variety of physical and chemical methods for breaking down the cell 
wall of P. rhodozyma have been reported by Johnson et al., (1978). 
Johnsonet al.,(1980) showed an increase in the availability of astaxanthin and 
nutrients (measured as growth rate) fromP. rhodozyma fed to rainbow trout by lysing the 
cell wall of the yeast prior to inclusion into the diets. In one series of experiments whole 
and mechanically broken P .rhodozyma resulted in 2.5p.g/g and 6.5p.g/gtotal flesh 
carotenoids respectively when fed at equal concentrations (55mg/kg) to rainbow trout for 
an equivalent time period. These results are in agreement with earlier findings for the 
deposition of astaxanthin from P. rhodozyma in the eggs of laying hens and Japanese 
quail (Johnson et al., 1979). P. rhodozyma partially digested with B. circulans resulted in 
the deposition of 2.5p.g/g total carotenoids while fully digested yeast resulted in 12.9p.g/g 
flesh carotenoids when included into the diets of rainbow trout at a level of 55mg/kg. An 
oil extract ofP. rhodozymaresulted in a total carotenoid content of 5.1p.g/g. The extract 
was included in the diets at a level of 8Omg/kg however-bioavailability appears enhanced. 
A reported flesh carotenoid content of 2.4p.g/g for fish fed brewers yeast (zero carotenoid 
content) for a period of 135 days. This was not significantly different to the fish fed 
whole P. rhodozyma in the same experiment demonstrating the unavailibility of 
astaxanthin from intact P. rhodozyma. This appears to be in- contradiction to earlier . 
fmdings that astaxanthin was deposited in rainbow trout fed dried (therefore intact) P. 
rhodozyma (Johnson et al., 1977). A dietary level of 52.2mg/kg intactP. rhodozyma 
resulted in an increase in muscle astaxanthin from approximately 5p.g/g to 10p.g/g over a 
29 day period. 
Recent work has focussed on achieving cell- wall rupture under commercial 
conditions. Bacillus circulans WL-12 produces extracellular lytic enzymes and has been 
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used to break down the cell wall of P. rhodozyma(Johnson et al., 1978; Johnson et al., 
-1980 OkagbueandLewis, 1983;Okagbue and Lewis,-1985): -Okagbue-and Lewis (1984) 
demonstrated increased acetone extraction of astaxanthin fromP. rhodozyma following 
yeast autolysis in distilled water and in 0.2M citrate buffer. Okagbue and Lewis (1985) 
describe mixed culture conditions for B. circulans and P. rhodozyma to achieve cell wall 
lysis and an increase in astaxanthin (acetone) extraction from <20% to >90%. They 
propose a scheme for industrial scale enzymatic -processing of P .rhodozyma prior to the_ 
inclusion of the yeast into the diets of salmonids as if pigment and nutrient source. 
However, this has not been put into commercial practice as yet. 
2.6.1.2 Crustacea as a carotenoid source. 
The carotenoids of crustacea have been extensively reviewed by Goodwin 
(1952, 1971), Cheesman et al., 1967, Fox (1967), Liaaen-Jensen (1978) and will not be 
detailed in this review. There are five classes of crustaceans (Arthropoda). 
Branchiopods, ostracods and copepods are subclasses comprising of microscopic or small 
animals. Barnacles make up the fourth crustacean subclass. Some branchiopoda contain 
high levels of canthaxanthin, for example, Artemia salina (Davies et al., 1965), however 
the rUth subclass, Malacostraca (krills, shrimps, crayfish, crabs and lobsters) has 
generated most interest as carotenoid sources for salmonids. 
Astaxanthin is the most abundant carotenoid in most species of crustacea (Wolfe 
. and Cornwell, 1965; Czeczugaand Czerpak, 1969; Czeczuga,1971; Lambertson and 
Braekken, 1971; Wilkie, 1972; Kuo et al., 1976; Torrissen and Braekken, 1979; Torrissen 
et al., 1981; Choubert and Luquet, 1983; Omara-Alwala, 1985; Protasowicka, 1985; 
Fujita et al., 1983; Schiedt, 1987). Astaxanthin is found in the free, monoester and 
diester forms and in the form of carotenoproteins (Simpson and Haard, 1985; Gomez et 
al., 1986; Simpson, 1989). Generally astaxanthin diester predominates as the major 
carotenoid present (Wolfe and Cornwell, 1965; Lambertson and Braekken, 1971; Wilkie, 
1972; Kuo et al., 1976; Torrissen and Braekken, 1979; Torrissen et al., 1981; Choubert 
and Luquet, 1983; Omara-Alwala, 1985; Protasowicka, 1985; Fujita et al., 1983; Schiedt, 
1987). The esterified forms of astaxanthin are not deposited as efficiently by salmonids 
as the free form (Torrissen and Braekken, 1979; Sehiedt and Leuenberger, 1981; Foss et -
al., 1987; Storebakken et al., 1987; Storebakken, 1988). Rainbow trout preferentially 
deposit the esterified fonnsof astaxanthin in the skin and integuments rather than the 
-muscle tissue which is not desirable in the sea cage culture of salmon-trout. 
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Astaxanthin is present as the prosthetic group in a number of carotenoproteins 
found in the carapace of a number of crustacea (Simpson and Haard, 1985; Gomez et al., 
1986; Simpson, 1989). Gomez et al., (1986) reported that astaxanthin is the carotenoid 
prosthetic group of the blue carotenoprotein found in the carapace of the crawfish, P. 
Ciafkii;Ashift in}\maxwhen thecarotenoprotein subunits were dissolvedinN,N.,. . 
dimethyl-fonnamide was from 482mn to605nm suggested a very strong carotenoid-
protein interaction. Astaxanthin may however be extracted from carotenoprotein 
complexes by the use of proteolytic enzymes (Simpson and Haard, 1985; Simpson, 
1989). 
Numerous evaluations have been carried out dealing with the use of of crustacea 
and crustacean biproducts in the commercial pigmentation of farmed salmonids. These 
studies are summarised in Table 2f. 
Table2f. 
Experiments evaluating crustacean products as carotenoid sources for the pigmentation of salmonids. 
Salmonid species 
Rainbow trout. 
Peterson et al., (1966) 
Spinelli et al., (1974) 
Torrissen and Braekkan (1979) 
·Seunnan et al., (1979) 
Torrissen et al., (1981) 
Sivsteva and Dubrovin (1982) 
Choubert and Luquet (1983) 
Torrissen (1985) 
Brown trout. 
Peterson et al., (1966) 
Brook trout. 
'Peterson et al., (1966) 
Saito and Regier (1971) 
Chinook salmon. 
~Callum et aI., (1987) 
Coho salmon. 
Finkbonner (1975) 
Spinelli and Mahnken (1978) 
Ami et al., (1987) 
ns Species not specified. 
Crustacean species under evaluation 
Procambarus clarkii 
Pleuroncodes planipes 
Canalus finmarchicus 
. Pleuroncodes planipes 
Pandalus borealis 
Krill mealDS 
sp. penaeid krill 
Pandalus borealis 
Procambarus clarkii 
Procambarus clarkii 
crustacean wasten8 
Procambarus clarkii 
Euphausia pacifica 
Pleuroncodes planipes 
Euphausia superba 
----l 
. - , 
-- 1 
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The inclusion of crustacean biproducts into salmonid diets· has been shown to be-
-effective in' the pigmentation of the flesh-of the fish to varying degrees.' The,utilisationof 
krill and crab waste for salmonid pigmentation is difficult in practice due to the annual 
variability of natural carotenoid concentrations found in live krill (Protasowicka, 1985). 
Also the carotenoid concentrations in crustacean by-products are highly dependent on 
extraction and processing methods, (Simpson et al., 1981; Meyers and Bligh, 1981; 
.. -.- --. Torrissen et al;, 1981; Chen and Meyers, 1983) and on storage conditions of pre and post 
extracted product (Chen and Meyers, 1982). In addition crustacean by-products often 
contain high levels of undesirable minerals such as calcium which can lead to manganese 
deficiency in animals fed diets with crustacea as a major ingredient (Meyers and 
Rutledge, 1971). 
Processing of crustacea for use as carotenoid sources can involve drying for the 
production of meals (Meyers and Bligh, 1981), acid treating for ensiling (Torrissen et aZ., 
. / 
1981; Chen and Meyers, 1983) or oil extraction utilising a fish or vegetable oil as a 
carrier (Spinelli and Mahnken, 1978; Chen and Meyers, 1982a,b; Omara-Alwala, 1985). 
The latter of these processes is preferred as oil extraction results in lower destruction of 
heat labile carotenoid pigments (Simpson et al., 1981) and the oils added generally have a 
positive effect on the nutritional value of the finished diet. "With increased recognition 
of the value of dietary pigments in aquaculture, carefully processed crustacean meals 
containing biologically significant levels of carotenoids can expect to find an increased 
-market demand." (Meyers, 1977). 
As previously describedsalmonids preferentially absorb and deposit free 
astaxanthin in the muscle tissue (Torrissen and Braekken, 1979; Schiedt and 
Leuenberger, 1981; Foss et al., 1987; Storebakken et al., 1987; Storebakken, 1988). 
Crustacea and crustacean by-products contain astaxanthin in esterified forms which are 
poorly utilised by salmonids when compared to free astaxanthin (Wolfe and Cornwell, 
1965; Lambertson and Braekken, -1971; Wilkie, 1972; Kuoet al., 1976; Torrissen and-
Braekken, 1979; Torrissen et al., 1981; Choubert and Luquet, 1983; Omara-Alwala, 
1985; Protasowicka, 1985; Fujita et al., 1983; Schiedt, 1987). Addition of large volumes 
of crustacean by-products to salmonid diets for effective pigmentation must also be at the 
expense of nutritionally superior ingredients (such as high quality fish meals) which 
could ultimately detrimentally affect growth and -feed conversion ratios. 
_ •• _. _ • _ ~ ___ L' 
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Algal sources. 
-
Astaxanthin has been identified in a number of algae (JohaIlsen~t al., 1972). A 
limited number of experiments have been carried out assessing the aplication of algal 
carotenoids in salmonid feed manufacture (Peterson, 1966; Chou bert, 1979) however 
carotenoid concentrations were found to be insufficient for acceptable flesh pigmentation. 
2.6.2.4 Synthesised preparations. 
There are two synthetic prepared carotenoid preparations available for inclusion 
into the diets of farmed salmonids which result in the characteristic flesh pigmentation. 
Canthaxanthin has been available for approximately 15 years as a gelatin 
stabilised beadlet (CAROPHYLLTM Red, 10% canthaxanthin,F.Hoffmann-La Roche, 
and more recently LUCANTIN Red, 10% canthaxanthin BASF). Although 
canthaxanthin is generally found in low concentrations in the muscle tissue of wild 
salmonids (Table 2c.) the carotenoid has proved to be an effective pigmenting agent for 
farmed salmonids. More recently astaxanthin, as the major naturally occurring 
carotenoid found in the muscle tissue of salmonids, has been synthesised 
(CAROPHYLLTM Pink, 8% astaxanthin, formerly 5% astaxanthin (1983 to 1990), 
F.Hoffmann-La Roche) and become available for the inclusion into salmonid diets. 
Astaxanthin use in aquaculture is now widespread as this carotenoid is absorbed and 
deposited to a higher degree than canthaxanthin and the consumer trend moves toward a 
preference of nature identical products. 
There are conflicting reports as to whether the resulting flesh colour of 
salmonids fed astaxanthin or canthaxanthin are the same. Torrissen (1986) stated 
..... canthaxanthin is absorbed and deposited well, and gives nearly the same colouration of 
the flesh as astaxanthin ... ".· Craik and Harvey (1987) report that TLC spots for 
canthaxanthin are orange-red while astaxanthin and its esters are deep red. Saito and 
Regier (1971) and Spinelli et al., (1974) found the flesh colour of brook trout to be 
orange after feeding canthaxanthin, however, Deufel (1965) and Foss et al., (1984) could 
not distinguish between the colo~ of rainbow trout fed astaxanthin or canthaxanthin. 
Schmidt and Baker (1969) reported red pigmentation of pink salmon, rainbow trout and 
cutthroat trout fed diets supplemented with canthaxanthin. 
43 
The majority of the reported differences in flesh colour have been objective . 
.. . Colour assessment.isdifficult due to the effeets which environmental factors such as 
lighting have on the visual appearance of objects (Hunter, 1975). There is a need for 
controlled, non chemical, measurement of colour and this has been achieved to some 
degree by the use of colorimetry. However, there have been few colorimetric 
determinations of the possible differences in flesh colour of fish pigmented with 
astaXanthin-orcanthaxanthin. Schmidt and Baker (1969) studied a number of groups of 
canthaxanthin pigmented rainbow trout, pink salmon and cutthroat trout and compared 
Hunter alb chromaticity measurements to wild (astaxanthin pigmented) coho salmon. 
However, this experiment did not address the question of different flesh colour between 
the two different carotenoids. Skrede and Storebakken (1986) measured ern (1976) 
L *a *b * values for eight canthaxanthin pigmented farmed and eight wild (astaxanthin 
pigmented) Atlantic salmon (Summarised in Table 2f.). Differences in colorimetric 
values were related to carotenoid concentration and no differences were reported between 
the two carotenoids. 
Table2f. 
em (1976) L * a * b * values for wild and farmed Atlantic salmon (Skrede and Storebakken, 1986). 
Fanned salmon (raw). 
Canthaxanthin pigmented. 
Wild salmon (raw). 
Astaxanthin pigmented. 
42.5:t2.8 
40.3:t2.5 
* a 
10.5:t2.0 
13.4:t2.0 
14.l:t2.0 
14.4:t2.2 
Astaxanthin and canthaxanthin are absorbed to varying degrees (Hata and Hata, 
1972; Foss et a/1984; Torrissen, 1986; Foss et al., 1987; Storebakken et al., 1987). 
The addition of hydroxy groups to the carotene skeleton results in higher absorption and 
accumulation of thecarotenoids (Hata and Hata, ·1972). Astaxanthin is the dihydroxy 
derivative of canthaxanthin and would therefore be expected, and has been found, to be 
deposited to a higher degree in salmonids. 
A number of controlled comparative studies have involving the determination of 
the relative efficacy of astaxanthin and canthaxanthin in the diets of salmonids have been 
carried out. These studies have involved rainbow trout (Foss etal., 1984; Torrissen, 
1986) and Atlantic salmon (Storebakken et al., 1987). The results from these studies 
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confirm that astaxanthin is deposited in the flesh more efficiently than canthaxanthin by 
these species. 
Atlantic salmon deposit astaxanthin more efficiently tha.n canthaxanthin in 
muscle tissue, however, the opposite of.this is seen in the skin (Storebakken et aZ., 1987). 
Rainbow trout fed diets containing astaxanthin or canthaxanthin retain astaxanthin to a 
higher degree in their muscle tissue (Foss et aZ., 1984). Foss et aZ., (1987) reported that 
- rainbow-trotitand" sea trout fed diets containing an equal combination of astaxanthin and 
canthaxanthin absorb the carotenoids with the same efficiency; Torrissen (1986) found 
astaxanthin was absorbed to a higher degree than canthaxanthin in a mixed diet but, used 
a lower concentration of astaxanthin than canthaxanthin. Carotenoid retention is 
inversely related to the dietary carotenoid concentration (Spinelli and Mahnken, 1978; 
Torrissen, 1981) therefore the higher absorption of astaxanthin in this experiment may 
have been due to different dietary concentration. 
To date synthesised preparations of astaxanthin or canthaxanthin are the most 
cost effective materials for the cominercial pigmentation of salmonids.r International 
,--
preference tends to lead to the use of astaxanthin rather than canthaxanthin primarily 
because astaxanthin is the natural carotenoid responsible for the pigmentation of 
salmonid fleshj Astaxanthin is also absorbed and deposited with higher efficiency than 
canthaxanthin leading to increased efficiencies in production. 
.'~'. __ ' ,"_ '"._ • .-! •••• , .1 
2.7 Conclusions. 
r Effective pigmentation is one of the most crucial aspects for the successful 
farming and marketing of salmonids. Extensive studies have been carried out to 
determine the effect of feeding a variety of carotenoid sources to most species of 
cp"il: 
salmonids. From these experiments it can clearly be seen that the efficacy of dietary 
.1 (( I 
carotenoids' fed to' salmonidsdepend'ion a number of factors ,such aspnvironment and 
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species. It was therefore considered that local conditions and species should be'evaluated 
under commercial conditions to achieve optimum flesh colour cost effectively. 
The aim of the experiments described in this thesis was to evaluate the response 
of New Zealand chinook salmon to dietary astaxanthin and canthaxanthin fed under a 
variety of commercial conditions. A study was carried out to investigate the effects of 
dietary lipid concentration and composition on astaxanthindeposition (Chapter 4) and the 
dose response to varying astaxanthin and canthaxanthin concentrations (Chapters 5 and 
7). Cessation of dietary supplementation and the effect this had on carotenoid 
concentration and colour of muscle tissues was studied (Chapter 6). The use of 
colorimetry for the determination of fillet colour was also evaluated (Chapter 8). Wild 
New Zealand chinook salmon are considered premium fish on Japanese markets and the 
carotenoid composition of these fish was determined (Chapter 9) with reference to a 
possible dietary source of astaxanthin. Factors influencing astaxanthin absorption in vitro 
were studied (Ghapter 10), however due to practical difficulties emphasis was placed on 
in vivo studies. 
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CHAPTER 3 
MATERIALS AND METHODS 
3.1 Aquacultural methods. 
'-Chinook salmon (Oncorhynchus tshawytscha.Walbaum) were used for all 
experimental work. The raising and growing of the experimentalfish was carried out at 
the Tentbum hatchery (Figure 3a. + Map 1) and the Stewart Island sea cage facility 
(Figure 3b. + Map 2) of The New Zealand Salmon Company Limited. Feed levels and 
stocking biomasses were estimated rather than calculated on the advice of farm 
management after fish size and age, water conditions and trial duration were taken into· 
account. Initial biomasseswere well below the carrying capacity of the facilities used in 
order to allow the entire trial to proceed without the stocking capacity being reached. The 
initial biomasses of the trial pools/cages were approximately one sixth their total carrying 
capacity to allow for growth over the trial period. Management and fish culturists at the 
two facilities were consulted weekly during the course of feeding experiments to ensure 
that fish were maintained in optimal conditions. 
Diet evaluation can be split into two sections. Fresh water experimental work 
described in section 3.1.2 and salt water experimental work described in section 3.1.3. 
47 
Map 1. 
Ltd. 
SOUTH 
ISLAND 
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J) ........... "\" . '1Jiq Glory Bay 
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Sea Cage Site 
New Zealand Salmon Company Ltd. 
SCALE 1: 6000000 
100 lOO km 
I Acl ... f New Z •• I •• d 8._"d.,I .. @ 191,1 
Location of Experimental Sites and Lincoln University. 
Map 2. 
Stewart Island showing Big Glory Bay 
and N. Z Salmon Co. Ltd site. 
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Figure 3a. 
Figure 3b. 
Tentburn Hatchery (New Zealand Salmon Company Limited) 
Rakaia, Canterbury. 
-
-. -
Sea Cage Facility (New Zealand Salmon Company Limited) 
Big Glory Bay, Stewan Island. 
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3.1.1 Feed formulations. 
All experimental diets were formulated at the feed mill of Salmon Services 
(N.Z) Ltd., formerly the New Zealand Salmon Company Feed Division, Christchurch 
(Figure 3c). 
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Feed ingredients were transferred via an auger directly from the tipping platform 
into a Jay Bee vertical auger mixer (two tonne capacity). Ingredients were mixed in a 
specific order with skim milk and half the grain products blended with the vitamin and 
mineral premixes. Fishmeal, bloodrneal and the remainder of the grain products were 
then added. Fish oil was introduced gradually from an overhead tank during mixing 
(except during the formulation of the fresh water experimental diets 3.1.1.1). Ingredients 
were mixed for a total of approximately twenty minutes including some time when 
ingredients were still being added to the mix. The mix was then augered, via a steam 
conditioner, into a Simon Henry 45 KW press and pressed through a pelleting die. Once 
pellets emerged from the die (at approximately 60°C 10 67°C) the finished feed fell into a 
42.5m3 cooler. Cooling took approximately 15 minutes. 
Four batches of experimental diets were made using two different formulation 
and packaging techniques. 
Figure 3c. 
Salmon Services (NZ) Limited Feed Mill, Christchurch. 
;·.·_·.·.0-;-.-_-.:0·_'· .• .1' 
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3.1.1.1 Batch 1. Fresh Water Trial Diets. 
Formulation recipe and proximate analysis of fresh water experimental diets are 
described in section 4.1.1 (Table 4a). 
One tonne of feed was prepared. Half the grain products were mixed with the 
vitamin premixes and astaxanthin (CAROPHYLLTM Pink, F.Hoffmann-La Roche, 5% 
astaxanthin)and tipped for mixing ftrst. 0.5kg of the digestibility marker, chromic oxide .. 
(Cr20 3, BDH general purpose grade), was added with the vitamin premixes. The mix 
(minus marine oil) was formed into 0.46mm (3/16") pellets. A 250 g sample of pellets 
from a previous mix using identical batch ingredients to the trial diet was taken to 
determine the endogenous dietary chromium level for digestibility determinations. 
Oiling of the diets was carried out after pelleting. The cooled pellets were 
bagged into 25kg plastic lined paper bags for convenience of handling during oiling. The 
25kg bags were subdivided into four groups (Diet 1, Diet 2, Diet 3, Diet 4) each 
consisting of approximately 250kg. Diet 1 had no oil added. Diet 2, Diet 3, Diet 4 had 
1.25,2.50, 3.75kg of oil added to each 25kg lot (Table 4a). Oiling was carried out in a 
concrete mixer to ensure even distribution of oil throughout the pellets (average mixing 
time 2 minutes). Mter oiling the pellets were bagged in Skg batches in Cryovac 
Oxygen Barrier bags (Permeability index = 30 cc/m2/24 hrs. @ 1 atm, OOC) and flushed 
with oxygen free nitrogen for 20 seconds (Flow rate 70Vmin) before heat sealing. This 
was a precautionary measure taken to minimise lipid oxidation during the trial period. 
The diets were stored in the dark at 4°C and the bags were opened on demand. This 
resulted in only one bag of each diet being open at anyone time for the relatively short 
period of approximately 10 days. 
3.1.1.2 Batch 2. Salt Water Experimental Diets. Period 1. 
Periods 1-3 of the salt water experiments are described in sections 3.1.3.1, 
3.1.3.2,3.1.3.3 and summarised in Table 3a .. 
Seven one tonne diets were prepared in a similar manner to the diet of batch 1 
(sec 3.1.1.1). Formulation recipe and proximate analyses are given in Table 5a. The 
following differences in formulation were necessary due to the different trial protocol. 
No chromic oxide was added to the diets. Dietary oil was included during mixing at a 
.-.- : " 
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level of 42.5kgltonne (1001) for all diets. The diets were formulated beginning with diet 
1 through to diet 7. Astaxanthin (CAROPHYLLTMpink, F.Hoffmann-:La Roche, 5% 
astaxanthin) or canthaxanthin (CAROPHYLLTM Red, F.Hoffmann-La Roche, 10% 
canthaxanthin) were included into 6 of the diets and one diet contained a mixture of 
astaxanthin and canthaxanthin (Table 5a). The diets were bagged in 25kg paper feed bags 
and stored in the Salmon Services Ltd. warehouse in 0.5 tonne pallet lots until transport 
to Bluff by tnick .. Thediets~were'transported' across Foveaux Strait to Stewart Island on 
one of the local cargo ships (M.V. Endeavour) and were stored on the central farm barge 
at ambient temperature (approximately 7°C - 20°C). An Skg subsample of each diet was 
taken at formulation, as the pellets passed over the fines screen during formulation, for 
chemical analysis and stored at Lincoln University at ambient temperature. 
During the analysis of this batch of feed carotenoid analytical results were not in 
agreement with the carotenoids levels included. Some degree of pigment carry-over was 
observed between diets. A mixing efficiency trial was carried out at Salmon Services 
(N.Z) Ltd. and is described in appendix 2. 
3.1.1.3 Batch 3. Salt Water Experimental Diets. Period 2. 
During period two of the salt water feed trial commercial (Salmon Services 
(N.Z) Ltd) plain feed (no added carotenoids), was fed to the trial fish (Table 6a). 
3.1.1.4 Batch 4. Salt Water Experimental Diets. Period 3. 
A further total of 9 tonnes of experimental feed was formulated for period three 
of the salt water experimentation. Two four tonne batches of feed was formulated to 
containastaXanthin or canthaxanthin and one tonne contained a mixture of the pigments 
(Table 7a). This feed was pressed into 9tnm pellets. 
Table 3.a 
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3.1.2 Fresh water experimentation. 
Eight circular pools each having a diameter of approximately 3m were erected 
adjacent to each other on a sand base at the Tentburn Hatchery of The New Zealand 
Salmon Company Ltd (Figure 3a., 3d). 
Figure 3d. 
One of the eight Para Pools used for the fresh water experiment. 
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The pool affluent water supply was tapped from the hatchery bore water system 
(13 ± 1°C) and a series of eight taps were drilled into the affluent supply pipe to control 
water flow to individual pools. Water was piped from the taps via a 5cm pipe and run 
into the pools at 900 to the surface of the water creating a mild whirlpool effect. 
A controlled effluent flow was maintained by erecting a four inch diameter 
standpipe in the centre of the pools with a Icm2 mesh over the outflow holes. The 
effluent line running from the stand pipe through a flange in the side of the pool was a 
flexible hose and the height of this hose controlled the pool depth. The pool water was 
maintained at a depth of approximately 0.48m. This was 5cm to IDem from the rim of 
the pools and gave each pool an approximate capacity of 3840 I (3.84 m3). Water flow to 
each pool was set at approximately 9000 l/hr giving a water turnover of 2.3 evacuations 
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per hour per pool. Measurement of stocked pool dissolved oxygen CD.O) levels showed 
this water turnover to be more than acceptable (>8.5mgll) for the biomasses used during 
experimentation « 65kg). Thin meshed "strawberry netting" was stretched over the 
pools to prevent the fish jumping out due to the close proximity of the surface of the 
water to the rim of the pools. Approximately 1.5 m2 of the pools surface was covered 
with heavy plastic mesh to provide shading for the fish . 
3.1 .3 Salt Water Experimentation. 
All salt water experiments were carried out at the sea cage facility of the New 
Zealand Salmon Company Ltd. in Big Glory Bay, Stewart Island (Figure 3a). Seven 
200m3 floating pens (Figure 3e) with 2cm mesh net were each stocked with 
approximately 1000 Chinook salmon. 
Figure 3e.1. 
One of the 200m3 cages used for the salt water experiments. 
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Cages were labelledDT1 to DT7 depending on dietary designation during 
. period lof the experiment (Table 3a);. The number of fish· contained in each cage was 
accurately known by hand counting the fish into the cages at the beginning of the trial and 
was updated on a daily or two daily basis as mortalities were recorded. Cage biomasses 
ranged from approximately 390kg (trial start) to 2000kg (trial conclusion) creating 
stocking densities of 1.95kg/1000 1 to lOkg/1000 1. The recommended maximum 
. biotnasSfor thc·200m3 cagesis 3000kgora stocking density of 15kg/10001. It was not 
possible to duplicate diet groups due to space restrictions. The cages were therefore 
placed as close to each other as possible during the experimental periods to ensure each 
group of fish experienced the same environmental conditions. Cage configurations are 
shown in relation to the entire farm layout in the supplement to Figure 3e. 
The saltwater experimental· study may be split into three periods. The diets 
designated to the experimental cages during these three periods are shown in Table 3a .. 
A summary of experimental protocols for each period is given described. 
3.1.3.1 Period 1. Pigmentation Period. 
During this period seven diets (Table 5a) were fed to the seven groups of fish 
(Table 3a); The aim of this period was to examine the dose response of chinook salmon 
fed astaxanthin and canthaxanthin. Six diets were formulated to commercial nutritional 
specifications. Astaxanthin or canthaxanthin were included at levels of 20mg/kg, 40 
mg/kg and 6Omg/kg. One additional diet was formulated with a 1: 1 mixture of 
astaxanthin and canthaxanthin (Table 4a). The fish were fed until their flesh achieved an 
acceptable degree of pigmentation. This resulted in three diets (diet 1,2,7) being fed to 
the fish for a period of 4 months while diets 3, 4, 5 and 6 were fed to the fish for 3 
months. 
3.1.3.2 Period 2. Colour Fading Period. 
The fish from period 1 were fed commercial diets with no added carotenoids 
(Table 6a). The aim of this period was to determine the rate of pigment loss andlor 
metabolism by pigmented fish which were not ingestingcarotenoids. 
'-' -' ~ ~ ~~ .. "-' . -' - --. 
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3.1.3.3 Period 3. Pigmentation Period. 
During the final period of the salt water experiments the fish fed varying levels 
of astaxanthin in period 1 (diets 2, 4 and 6) were fed equal concentrations of astaxanthin 
(25mg/kg) and those fed varying levels of canthaxanthin during period 1 (diets 1,3 and 5) 
were fed equal concentrations of canthaxanthin (30mg/kg). The fish fed the 1: 1 
combinationofastaxanthin: canthaxanthin during-periodJ were fed this diet-again 
(Table 3a). The aim of this period was to determine whether prior pigment exposure 
affected the rate of pigment deposition. 
3.1.4 Fish feeding and sampling. 
3.1.4.1 FreshWater. 
All experimental fish were hand fed two to three times per day at an 
approximate level of 1.5% body weight/day. Feed ration was calculated to result in equal 
protein intake/pooVday using diet 2 as a standard for estimation of 1.5% body weight 
intake/day. 
Diet 1 
Intake 
x-5%x 
Diet 2 
Intake 
x 
Diet 3 
Intake 
x+5%x 
Diet 4 
Intake 
. x+l0%x 
Daily records were kept of experimental diets fed· out per pool to within O.2g. 
Live weight assessment was carried out on a weekly basis by crowding the fish 
into a seine net and weighing random dip net samples. Mean fish weight was determined 
by recording the weight of the net sample/fish numbers of that sample. Mean live weight 
was calculated from at least four samples (each of approximately 10 fish) per pool. Eight 
fish for biochemical analysis were slaughtered from each pool every two weeks during 
weight assessment. During the first two sample collections of the experiment fish were 
stunned by water saturated with CO2, The activity of the fish during gassing resulted in 
the evacuation of faeces and subsequently digesta samples for analyses were lost. A 
faster manner of subduing the fish was to·stun them with a-sharp blow to the h~ad. They 
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were then bled by severing the carotid artery. -This method was -employed for the 
-' remainder ,of the experiment and ensured faecal-samples were retained for collection. 
The fish were then cut from the anus to the pectoral fins and the digestive tract 
was lifted out. The rectum was identified as the region posterior to the intestinaVrectal 
junction. The intestine was identified as the region anterior to the intestinal/rectal 
junction and posterior to the position of the most posterior caeca at the pylorus. The 
pylorus was identified as the region posterior to the stomach extending to. the last caeca. 
Digesta was collected from the rectum, intestine and pylorus by gently stripping the 
regions after ligation at their posterior end (Figures 3f.i to 3f.vi). Digesta from the fish 
sampled from each diet group was combined for analysis due to the small amount 
present . 
Gonads were inspected to determine the maturity of the fish. As the gonad size 
increased these were collected for weighing and calculation of the' gonadosomatic index 
(% liveweight represented by gonads). Fish were then filleted and the fillets were packed 
on ice for transport to Lincoln University (40 minutes away from the Tentburn hatchery 
by road). The fillets were frozen at -18°C prior to analysis of total carotenoids. 
Figure 3f.i 
Figure 3f.ii 
Figure 3f.i to Figure 3f.vi 
Sample collection. 
Sampled fish held for evisceration. 
Exposing viscera for removal of digesta samples. 
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Figure 3f.iii 
Digesta sampling regions.(R=rectum. I=intestine. P=pylorus). 
Figure 3f.iv 
Intestinal ligation for digesta removal. 
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Figure 3f.v 
Stripping cligesta from the intestinal region. 
Figure 3f. vi 
. . 
.-
Fillet for carotenoid analysis . 
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3.1.4.2 Salt water. 
It was necessary to sample fish for the salt experimental periods in a different 
manner than for the fresh water experiment primarily due to the isolation of the 
experimental cage site, often difficult environmental conditions and the physical nature of 
sea cage fish culture as opposed to pond culture. 
Fish were sampled monthly and weight assessments~were·based on the mean 
weight of the sample taken for slaughter.' Five fish were from each cage were caught with 
a barbed hook which had an artificial feed pellet incorporated into the neck of the hook. 
The fish were brought to within 4-5cm of the water surface and netted from the cage. 
The fish were killed as described (section 3.1.4.1) and weighed individually (±10g) on a 
hanging balance. During period 3 (Chapter 7) of the experiment the length,-dorsal 
circumference and adipose circumference (Figure 3g) were measured to determine the 
relative growth rate of these areas of the fish. Dissection and digesta collection are 
described previously (section 3.1.4.1, Figure 30. Fish were filleted and the fillets were 
placed in plastic bags labelled by diet, sample time, individual fish (352 = Diet 3, Sample 
Time 5, Fish 2 from the 5 sampled). The bags of fillets were placed in a 27 litre 
polystyrene box and each layer of fillets was immediately chilled with dry ice. The boxes 
were 3/4 filled with fillet samples and then filled completely with dry ice and taped shut. 
The fillets froze rapidly (15 minutes) and the insulating nature of the polystyrene boxes 
did not allow them to thaw during the completion of sampling or transportation to the 
laboratory at Lincoln. 
All sampling was completed within two days and the samples returned by air to 
Lincoln University where they were placed in a 1°C walk-in chiller for thawing prior to 
photography and colorimetric analysis. Samples for carotenoid analysis in Basel, 
Switzerland consisted of the section of the fillet anterior from the anterior base of the 
dorsal fm to the top of the visceral cavity. These samples were labelled and packed in 
AMERSHAM polystyrene boxes with approximately 5kg to 7kg of dry ice. The samples 
were sent by courier (DHL) to Switzerland leaving New Zealand on a Friday and arrived 
at the analytical laboratories deep frozen the following Monday (Personal 
communication, R.Aebi, Technical Marketing Manager, Vitamin and Fine Chemicals 
Division, F.Hoffmann-La Roche, Basel, Switzerland). 
Figure 3g.i 
Figure 3 g.ii 
Figure 3g.i to Figure 3g.iv 
Fish measurements. 
Length measurement. 
Dorsal circumference. 
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Figure 3g.iii 
Caudal circumference (base of the adipose fin) . 
Figure 3g.iii 
Caudal circumference. 
66 
3.1.S Wild fish. 
Wild fish were collected during January 1990 over a period of three consecutive 
commercial harvests one week apart from each other. This ensured the fish were resident 
in fresh water for approximately one week minimising the effects of spawning migration 
discussed in section 2.3.1. Five fish were taken from each of the two most abundant year 
groups (two and~iliree yeatold fish); The two year old fish were exclusively male (grilse) 
and the three year old fish were a mixture of male (2) and female (3); The sex and live 
weight of the fish was recorded. The fish were filleted and a flesh sample was cut from 
the region anterior to the dorsal fm as described (sec 3.1.4.2). The samples were analysed 
fresh for individual fatty acids (3.4.3, 3.S). A SOg sample was sent to the laboratories of 
F.Hoffmann-La-Roche,Basel, Switzerland for analyses of astaxanthin, canthaxanthin, 
zeaxanthin and ~-carotene (3~2.2). 
Eggs taken from the female fish were collected for analyses. The eggs were 
weighed and a calculation of egg numbers/fish was made based on the mean weight of 
three x 100 egg subsamples. 
3.1.6 In vitro fish. 
Gut samples for in vitro perfusion (Chapter 11) were obtained from two year old 
male fish (grilse) which had just returned from the sea to the fresh water Tentburn 
hatchery. On returning to fresh water chinook salmon cease feeding therefore the gut 
samples obtained were generally void of digesta. These fish were selected due to their 
size regularity and their abundance throughout the entire salmon return season. Generally 
the fish selected weighed from I.Skg to 2.0kg. 
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3.2 Carotenoid analysis. 
Carotenoid extraction and purification procedures used throughout this 
experimental work depended on the nature of the sample (feed, flesh or solution) and on 
the carotenoids being assayed. Muscle tissue treatments are described in section 3.2. 
Feed and faecal analyses are described in sections 3.4.6 and 3.4.7.2 respectively. 
3.2.1 Muscle tissue. 
All carotenoid results for muscle tissue were expressed in ",gig wet weight 
muscle tissue. 
3.2.1.1 Fresh water experiment. 
A sample of the fish fillet was cut from the region of the fillet anterior from the 
anterior base of the dorsal fin to the top of the visceral cavity. Total carotenoids were 
extracted by homogenising approximately 20g-40g of this flesh with looml redistilled 
acetone. The homogenate was filtered under vacuum through Whatman 541 filter paper 
and the filter cake (including paper) was rehomogenised twice to ensure complete 
extraction. The filtrates were combined and rotary evaporated to dryness at 40oC. The 
carotenoid extract was redissolved in acetone, made up to known volume and measured 
directly photometrically ~max 472nm using an extinction coefficient of 1600 in acetone 
(Andrewes et al., 1976). 
3.2.1.2 Salt water experiment. 
3.2.1.2.1 Total Carotenoid Analysis. 
Muscle carotenoid analyses for the salt water experiment were carried out at the 
laboratories ofF.Hoffmann-La Roche, Basel, Switzerland. A 20g sample of flesh was 
homogenised in a polytron overhead blender in chloroform:methanol (2:1) and 
centrifuged at 3000rpm for 5 minutes. The solvent solution was filtered through 
anhydrous sodium sulphate into a round bottom flask, while the pellet was extracted a 
-.-.".-,--
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further two times to ensure total extraction. Each time the resulting solvent phase was 
filtered through anhydrous·NaS04' The combined extracts were rotary evaporated under 
vacuum to near dryness. Ethanol was added to remove traces of moisture and the 
solution was rotary evaporated to dryness. The dry extract was taken up in approximately 
5ml petroleum ether and purified by column chromatography (3.3.1) prior to quantitative 
photometric determination using an extinction coefficient of 1900 in petroleum ether. 
3.2.1.2.2 Individual Carotenoid Analysis. 
Ten to twenty grams of fish flesh was minced with about 5g magnesium 
sulphate-hydrate (Merck No.5885) and placed into a 200ml beaker. The mixture was 
homogenised with 40ml acetone in a rotary homogeniser. The suspension was filtered 
under partial vacuum through sintered glass. The filter cake was rehomogenisedin 
acetone until colourless. The combined filtrates were evaporated to near dryness (400C) 
and dried by repetitive addition and evaporation of ethanol. The dry residue was then 
dissolved in an appropriate volume of n-hexane containing 5% acetone and 20-50,,1 of 
this solution was injected directly onto an HPLC column by auto sampler. 
HPLC conditions. 
Column 25 cm steel column (I.D. 4mm). 
Stationary phase LiChrosorb Si 60, 5 "m 
Injection volume 
Mobile phase 
Flow 
Pressure 80 bars. 
Merck HISAR prepacked column Cat.No. 50 388 
pretreated 1. 
20-50,,1 
n-hexane with 14% acetone (mixed for 3 hours before 
use). 
1.5ml/min 
DetectorUVIKON 722, set at 470nm 
Retention times 4min canthaxanthin 
astaxanthin 
Run time 
Calculation 
1 Column pretreatment. 
llmin 
12min 
13min 
15min 
cis-isomer of astaxanthin 
cis-isomer of astaxanthin 
Standard calibration. 
1 % w/v phosphoric acid in methanol was pumped 
through the column for 1 hr. at Iml/min. The column 
was then conditioned with mobile phase for 30min. 
.-_-~..:_._-_-_-_-.i-_-_~-_-., 
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3.2.2 In vitro perfusate analysis. 
1m! of perfusate was made up to 5m! with chlorofonn:methanol (2:1) and 
shaken vigorously. The aqueous layer was removed by suction and the carotenoid 
containing chlorofonn layer was rotary evaporated to dryness. The residue was made up 
to known volume with acetone and measured spectrophotometrically (sec 3.2.1.1). 
Carotenoids were"expressed in pglml perfusate. - -
3.2.3 Calculations for dietary assessment. 
Fish Live Weight (kg) 
=Bled Weight + (0.02 x Bled Weight) 
Fillet Weight (kg) 
=Fish Live Weight x 0.6 
Total Carcass Pigment (mg) 
=Pigment Concentration x Fillet Weight 
Pigmentation Efficiency Ratio (PER)% 
= 
Total Carcass Pigment - TO Total Carcass Pigment 
Total Ingested Dietary Pigment/l'otal Fish Number 
~ - -- - - --- -- - -
- - . 
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3.3 Qualitative carotenoid analysis. 
3.3.1 Column chromatography. 
Column chromatography to purify carotenoid extracts prior to analysis for 
astaxanthin or canthaxanthin followed the method ofKuo et al., (1976). 
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SfatioDaryphase was Micro-cel C-with an initial mobile phase of petroleum _, 
ether. The crude carotenoid extract was'rotary evaporated to dryness and redissolved in a 
small quantity of petroleum ether. This was applied directly to the column. Lipid was 
eluted from the column with petroleum ether and individual carotenoids were eluted by 
increasing the polarity of the mobile phase with acetone. Canthaxanthin was eluted from 
the column with a 3%'(v/v) solution of acetone in petroleum ether and astaxanthin was 
eluted with 10% (v/v) acetone in petroleum ether (Kuo et al., 1976). 
3.3.2 Thin Layer Chromatography. 
TLC of acetone extracts of flesh and diet samples was carried out on Silica G 
with a mobile phase of 30% (v/v) acetone in petroleum ether. Carotenoids were 
identified on the basis of cited Rr values (Foppen, 1972; Kuo et al., 1976 and Partaliet 
al., 1985). 
3.33 Sample photography. 
Fillets were thawed and photographed under standardised conditions. Each fillet 
was photographed on a matt grey background along with individual fish weight data, the 
Roche standard salmon colour card, feedperioo, fish age data and a 5cm ruler. 
Film: Kodicolour Gold 100. 
Camera: Nikon F3. 
Lens: 55mm micro-nikkos. 
Lighting: 2 x Bowens Mono 400D flashes(100 150) GN =197 (95W umbrellas) 
with 101cm diameter white Paralite Umbrellas. 
Flash meter: Bowens SSR Mk IT flashmeter. 
Photographs were hand-printed at Hanafins Photographic Lab()ratories, 
Christchurch. 
. . 
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3.4 Instrumental colour analysis. 
All colorimetry was carried out on a Hunterlab Labscan spectro colorimeter 
using illuminant D65 (Y n=100, Xn=94.83, Zn=107.38, Ka=172.1, Kb=66.7), 10 degree 
illumination standard observer through a 3cm illumination port. Tristimulus XYZ, Hunter 
* * * Lab and CIE-(1976) Lab values were measured such that, 
L * =116(Ylyn)l/3_16 
a * =500[(XIXn)l/3_(YIY n)l/3] 
b * =200[(YIY n) l/3_(ZIZn) l/3] 
. Colorimetric measurements were made at three sites in the fillet. Dorsal, caudal 
and visceral flap. Whole fillets were placed, skin up. (dorsal topside with the anterior end 
of the fillet facing left) on the quartz viewing plate and four readings were taken of each 
site with the fillet being rotated through 900 for each reading. Fillet orientations were 
designated North, East, South, West depending on the orientation of the dorsal fin. 
Figure 3h. shows schematically the series of colorimetric measurements made at each 
sample time. Initially the fish were not large enough for colorimetric determination of 
the visceral flap however the majority (>91 %) had reached sufficient size after 8 weeks of 
experimentation. 
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Figure 3h. 
Schematic representation of colorimetry readings . 
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3.5 Diet and faecal analysis. 
3.5.1 Protein analysis. 
Dietary and faecal nitrogen was measured on a Leco FP-228 Nitrogen 
Determinater using ammonium chloride (BDH Analar) as an external standard. This 
instrument determines nitrogen content by analysis of combustion gasses following--
combustion of samples in an oxygen and hydrogen· environment. Protein content was 
calculated as nitrogen x 6.25. Samples were analysed wet and protein concentration was 
converted to dry weight for digestibility calculation. The Leco FP-228 Nitrogen 
Determinater relies on total combustion of the sample for nitrogen determination. 
Combustion of particularly wet samples (digesta from the pylorus) was aided by the 
addition of an equivalent weight of nitrogen free sucrose (BDH) to the sample vial prior 
to analysis. 
3.5.2 Total lipid analysis. 
Dietary lipid levels were determined, at least in duplicate, gravimetrically by 
total lipid extraction in Methanol:Chloroform (2:1) as described by Folch et al., (1957). 
3.5.3 Fatty acid methyl ester (FAME) production. 
FAME were prepared by incubation of approximately 0.2g of sample total fat 
extracts (Folch et al., 1957) for 30min at 1000C in 14% BF:YMeOH under nitrogen in 
sealed kimax tubes (Miller et al, 1970). 0.5 ml toluene was added to the reaction mixture 
to aid oil solubilisation. One ml of 1mg/ml heptadecanoic acid was added as an internal 
standard for quantitative FAME analysis; After incubation 2ml petroleum ether-and5ml -
water was added and the mixture was shaken vigorously. The ether layer was removed 
and evaporated to dryness under a jet of nitrogen. FAME were analysed immediately as 
described in section 3.5. 
'--'--...:. ---. - .'--".-'~; 
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3.5.4 Ash. 
Duplicate samples were ashed at 5500C for 6 hours in scintillation vials. Ashed 
samples were desiccated for 24 hours and ash was determined by gravimetric difference. 
3.5.5 Energy. 
Dietary energy levels were determined in an Gallenkamp adiabatic bomb 
calorimeter calibrated against benzoic acid. 
3.5.6 Carotenoids. 
Approximately 50goffeed was finely ground in a coffee mill. This was 
incubated at 500C in 100ml distilled water for 45 minutes to solubilise the gelatine 
encased pigments. The resulting slurry was cooled to ambient temperature and 
carotenoids were extracted using chloroform:methanol (2:1) of Folch et al., (1957). The 
aqueous/methanol epiphase was removed by suction and the lipid/carotenoid containing 
chloroform lower layer was removed by pasteur pipette. The chloroform extract was 
flltered through cotton wool and made up to volume. A suitable aliquot of this solution 
was rotary evaporated to dryness (4QOC) and made up to volume in acetone. Total 
carotenoids were determined by spectrophotometry using an extinction coefficient of 
1600 (Andrews et al.,J976). Individualcarotenoidscwere determined following 
purification by column chromatography (sec 3.3.1) and quantified by spectrophotometry 
in petroleum ether using an extinction coefficient of 2200 for astaxanthin and 
canthaxanthin (Foss et al., 1987). 
Dietarycarotenoids were expressed as pg/g diet as fed. These were converted to 
pg/g dry matter for determination of digestibility coefficients.--
3.5.6 Digestibility determination. 
There are a number of methods of determining diet digestibility in fish 
experimental work. Selection of suitable digestibility markers-is discussed in . 
Appendix 1. 
. . 
.... .,. ~ ,r_ ... ; ,..~~~ •... ~,_:..r~'" 
Chromic oxide (Cr203) was used as an inert digestibility marker for the fresh 
water experimentation: . Chromic oxide levels in diet and digesta samples were 
determined by the method of Williams et al.,(1962) using a Shimadzu AA-670 Atomic 
Absorption Spectrophotometer. 
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Hydrolysis Resistant Organic Matter (HROM) was selected as the indigenous 
marker for digestibility determinations for all salt water experimentation and was 
determined by the method of Budding ton (1980). :Hydrolysis ofthetriplicate.0.5g 
samples was achieved by refluxing in a solution ofl 0: 1 80% acetic acid:HN03 (conc) for 
20min. 70% ethanol was added, the solution was allowed to cool and centrifuged at 
3500rpm for 5min for the HRM (Hydrolysis Resistant Matter) to settle. The pellet was 
washed successively with hot ethanol, hot benzene and hot petroleum ether with 
centrifugation steps between each wash. The residue was transferred to a preweighed 
scintillation vial and dried at l000C for 24hrs. The vial was desiccated for a further 24 
hours and weighed (HRM) prior to ashing (section 3.5.3). HROM was calculated as the 
difference betweenHRM and the weight of residue after ashing. 
The apparent digestibilities of feed components were determined by the method 
of Austreng (1978). 
Digestibility = 100 - «Marker(feed)/Marker(faeces»x (Nutrient(faeces)/Nutrient(feed» % 
3.5.7 Digesta analysis. 
Digesta samples from the pylorus and inteStine contained high moisture contents 
so to ensure homogeneity of wet digesta samples (pylorus and intestine) the frozen 
digesta was thawed in a 5cm round flat bottomed dish and mixed. The sample was then 
refrozen. This resulted in a homogeneous O.5cm thick pellet formed in the floor of the 
dish. Digesta samples were cut segmentally from this pellet. Rectal samples. did not 
contain as much moisture and it was sufficient to thoroughly stir the sample prior to 
analysis and the analytical sample was taken from the resultant mixture. 
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3.5.7.1 Extraction procedure .. 
Triplicate samples of approximately O.5g of digesta from the pylorus, intestine 
and rectum (2.1.4) were extracted twice in 10ml of 2 chloroform: 1 methanol. Four ml 
H20 was added to each extraction mixture and centrifuged at 4500rpm for 5min to fonn 
two phases (Folch et al., 1957). Aliquots were then taken for astaxanthinlcanthaxanthin, 
. total lipid arid FAME analyses. 
3.5.7.2 Carotenoid analyses. 
A 10ml aliquot from the chloroform extract was dried under vacuum at 50°C. 
The carotenoid/lipid concentrate was redissolved in petroleum ether and purified by 
column chromatography (3.3.1). The carotenoid extract was dried by dissolving in 
ethanol an evaporating to dryness twice and- was then redissolved in petroleum ether for 
photometric measurement and astaxanthinlcanthaxanthin determination. (Andrewes et al., 
1976). Carotenoids were expressed as p.g/g wet weight. 
Total extract volume x (Absorbance @478nm - Background) x WOO 
Aliquot volume x 1600 x Sample Weight 
3.5.7.3 Total lipid analyses. 
Two 5ml aliquots from the chloroform extract was pipetted into apreweighed 
scintillation vial. The vial was heated to 6QOC and placed in a desiccator which was then 
evacuated to allow evaporation of solvents and desiccation of the lipid extract. Total 
lipid was determined gravimetrically as, 
Total extract volume 
x (vial + extract weight) - vial weight 
Aliquot volume 
3.5.7.4 FAME analyses. 
Iml of chloroform extract was directly methylated usingBF3 (14%) in MeOH 
(3.5.3) and FAME were determined as described (3.6). 
3.6 Gas liquid chromatography. 
FAME preparation is described in section 3.5.3. FAME were redissolved in 
100,,1 petroleum ether before analysis on a Shimadzu GC-9AM GLC coupled to a 
Shimadzu C-R3A Chromatopac integrater. Column packing was Chromosorb 
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W(A W)/IO% EGSS-X. Nitrogen carrier gas flow rate was maintained at 30 ml/min with 
a cohimIi temperature of 165°C.·· Injector and detector.temperatures were set at 210oC. 
FAME were identified by using a combination of standardFAMRmixtures (RM-l, 
Supelco Inc.) and graphing carbon chain length against the log of the retention time of 
each peak. 
3.7 In vitro conditions. 
3.7.1 Sample collection. 
The digestive tract of two year old male fish (3.1.6) was dissected out 
immediately after the fish were killed. The digestive tract was cut into three sections as 
/ 
described (3.1.4) and the sections were chilled directly on ice. The rectal portion was 
discarded and the pylorus and intestine were prepared for perfusion. The sections to be 
perfused were washed by injection of 20ml Cortlands buffer (Table lOa) from the anterior 
end of the section through to the posterior end to remove digestive juices. 
3.7.2 Perfusion technique. 
Technicon O.09Omm (internal diameter) Transmission tubing was tied into each 
. end oithe gut segment dissected from the fish. Void volume was Iml perfusate/24.45cm 
tubing. A total of approximately 60cm of tubing was used in the experiments. Void 
volume within the tubes were kept to a minimum compared to the perfusate sampling 
reservoir containing 20ml. The void volume of the gut sample was approximately 4ml. 
The catheterised gut segment was then placed into a bath of Cortland salt 
solution (Table lOa) maintained at 13°C in a cooling water bath. The segment was 
perfused with experimental solutions containing water solubilised astaxanthin . 
(CAROPHYLLTM Pink, F.Hoffmann-La Roche). Perfusate flow rate was kept at 0.8 to 1 
---- :..:.:......:_;. -------"---, 
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ml/min to prevent flux pressure within the pyloric sample. Perfusion was carried out for 
40min allowing at least one-complete passage of perfusate through the pyloric sample. 
Flow rate of Iml/minute was maintained using a peristaltic pump. Samples of the 
perfusion mixture for carotenoid analysis (section 3.2.3) were removed from the perfusate 
reservoir at regular intervals. 
The perfusate reservoir and Cortlands buffer bath containing the catheterised gut 
segment Iirufi-coritiIiuous flow of'95%02:5%C02 blown, onto the surface at an -
approximate rate of lOOml/minute. 
The pump and perfusate reservoir were kept at the same horizonta1level as the 
pyloric sample to prevent pressure within the system caused by gravity. Cortland salt 
solution for brown trout (Table lOa) as described by Wolfe (1963) was used as the base 
. for all perfusate. 
A schematic representation of the perfusion· system is shown in Figure 3i. 
3.8 Statistical methods. 
Two statistical packages were used for analysis of data. 
1. Minitab (version 7.1) was used for basic summary statistics (means, SD, SEM) and 
ANOV A analyses of raw experimental and analytical data. 
2. S.A.S. procedures were used for the multiple regression and prediction analysis of 
colorimetric data due to. the large size of the data sets. General Linear Modelling 
(SAS· Proc GLM) was utilised to determine carotenoid dose response effects with 
time. Pearsons correlation coefficients (SAS Proc CORR) were calculated to 
determine colorimetric relationships. SAS Proc REG regression analysis was 
utilised to determine sum of square differences in slope analyses. Mallows Cp ratio 
-was used for the selection of variables for multiple linear regression prediction 
equations given for colorimetric analyses as described in Snedecorand Cochran, . 
(1989). 
Figure 3h. In vitro Gut perfusion apparatus 
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CHAPfER4 
THE EFFECT OF DffiTARY LIPID CONCENTRATION ON THE 
ABSORPTION AND DEPOSITION OF ASTAXANTHIN. 
4.1 Introduction. 
Dietary components play it role in the deposition of astaxanthin by salmonids. 
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Johnson et al., (1980) found that the deposition of astaxanthin contained in the yeast 
Phqtfia rhodozyma increased fivefold by proteolytic digestion of the cell wall of the yeast 
prior to its inclusion into the diets of rainbow trout. The reported increase in astaxanthin 
. deposition was accompanied by an overall increase in the digestibility of the yeast as 
measured by a higher fish growth rate (from O.2g/fish/day to >5g/fish/day). The increase 
in growth rate was attributed to normally unavailable nutrients being made· available by 
lysis of the yeast protective cell wall. 
Carotenoid pigments are lipid soluble and their gastrointestinal absorption may 
be enhanced by increasing dietary lipid levels (Spinelli and Mahnken, 1978; Torrissen, 
1985; Choubert and Luquet, 1983; Seurman et al., 1979). Comparisons of experiments 
described in the literature is difficult due to the·nature of the dietary carotenoid 
supplementations. Previous workers have utilised shrimp and crab waste (Seurman et al., 
1978; Spinelli and Mahnken, 1978; Torrissen, 1985; Choubert and Luquet, 1983) as 
pigment sources for the pigmentation of rainbow trout. The use of crustacean oils or 
meals as pigment sources results in the majority of the astaxanthin present existing as the 
monoester or diester which are known to be deposited in the muscle of salmonids to a 
lower degree than the free form of the pigment (Storebakken et al., 1987). No 
experiments to date have studied the effect of dietary lipid variation on the uptake of free 
astaxanthin by salmonids. 
There is conflicting evidence available on the effects of increasing dietary lipid 
levels to enhance the deposition of the carotenoid pigments into the muscle tissues of 
salmonids. Spinelli and Mahnken (1978) reported increased astaxanthin deposition in 
rainbow trout tissues as dietary lipid levels were increased. However, Torrissen (1985) 
found only very slight increases in deposition while Choubert and Luquet (1983) and 
Seurman et al., (1979) reported no clear effect as dietary lipid levels were increased. All 
, -'-_ .. - .------.'--, 
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these workers studied the deposition of astaxanthin by rainbow trout which can deposit 
" the esterified-fonns of astaxanthin to ·ahigher degree than Atlantic salmon (Foss et al., 
1987). In addition none of the previous reports on the effects of lipid content on 
deposition of astaxanthin used very low dietary lipid levels. Therefore, while increases in 
dietary lipid content may promote the absorption of astaxanthin as a lipid soluble moeity, 
the esterification of dietary pigment due to the close proximity of high lipid 
conccntrationsmayhave negative effects cOn· deposition. Astaxanthin has. been shown to 
be deposited in the muscle tissue of salmonids primarily ·the free fonn although small 
amounts of the monoester and diester are deposited. Esterified astaxanthin is hydrolysed 
during epithelial absorption however some evidence suggests that it is re-esterified before 
transport in the serum and deposited primarily in the skin (Schiedt et al., 1985). 
It was the aim of this study to determine the effect ofdietaryJipid.increases on 
the deposition of free astaxanthin (synthesised commercially by F.Hoffmann La-Roche 
Ltd.) by chinook salmon in fresh water. Increases in dietary lipid were achieved by 
adding increments of marine oil to pelleted feed containing 37.5 mg/kg free astaxanthin 
(750 g!tonne CAROPHYLL Pink, F.Hoffmann-La Roche Ltd.). A standard commercial 
bulk New Zealand marine oil was included into the experimental diets. Marine oil 
supplementation ranged from a level of no oil inclusion (Diet 1) to 15% added oil (Diet 4) 
as described in section 3.1.1. Diet 2 (10% added marine oil) was typical commercial diet 
used in New Zealand for the production of salmon. Aquacultural practices are described 
in section 3.1.2. 
4.2 Results 
4.2.1. Diet proximate analysis. 
Diet proximate analysis is shown in Table 4a. Dietary lipid levels increased-by 
increments of approximately 5% (by weight as fed) due to the addition of marine oil 
(section 3.1.1). The concentrations of other dietary components decreased 
correspondingly due to the dilution effect of marine oil supplementation. 
The inclusion of increments of marine oil increased the polyunsaturated fatty 
acid concentrations of the four experimental diets (Table'4a). 
."- ,'~-- - .. ~'-1 
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Analysis of dietary fatty acids showed that diet 1 was deficient in ",3 essential 
fatty acids-(EFA}by·containingonlyO.57% as fed. Concentrationsof",JEFA increased 
with the addition of marine oil and diets 2, 3 and 4 contained levels above recommended 
",3 BFA minimum of 1 % as fed (Yu and Sinnhuber, 1972, 1976; Lin et al., 1977; 
Kanazawa et al., 1979; Watanabe, 1982). 
Analysis of the four experimental diets showed the characteristic broad 
absorption peak for asw.xaIithin (Xmaxacetone 472nm), however, other minor shoulder 
peaks were evident with Xmax at 45Onm;425nm, 415nm (Figure 4a). The relati\'e 
contribution of these peaks to the total carotenoid spectrum increased as dietary lipid 
increased suggesting the carotenoids were present in the marine oil although the oil was 
not analysed for carotenoids. p-carotene shows absorption maxima at 424nm, 450nm and 
-475nm in acetone however it was unlikely thatthe additional peaks detected were P-
carotene as this pigment is not detected in significant quantities in marine oils and meals 
(Wolfe and Cornwell, 1965; Czeczuga and Czerpak, 1969; Kuo et al., 1976). Zeaxanthin 
(3,3'-dihyd.roxy-p-carotene) shows Xmax at 425nm, 448nm and 476nm in acetone and was 
tentatively identified as the pigment giving rise to the Xmax at 450nm and 425nm with the 
476nm peak possibly being obscured by the broad astaxanthin peak at 472nm. 
\ ' 
A small bathochromic shift in Xmax is expected for the esterified forms of 
astaxanthin. The presence of a broad Xmax peak at approximately 470nm was attributed to 
the presence of esterified astaxanthin based on visable broadening of the Xmax peak as 
marine oil concentration of the diets increased. -It- was not possible to determine if the 
esterified astaxanthin detected was due to the presence of the esters in the marine oil or if 
it was due to esterification of synthetic astaxanthin incorporated into the feed during 
manufacture. In analysis of diets in Chapter 5 no significant quantities of esterified 
astaxanthin were detected suggesting dietary esterified astaxanthin was present from high 
levels of marine oil inclusion. 
Background absorbance was high in the absorbance profiles scanned for all four 
diets. This was attributed to a high concentration of acetone soluble substances in the 
diets. All other dietary and faecal samples contained an extract purification step to 
minimise background absorbance. 
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Absorbance profiles of diet 4 showing the broad }..max peak and the high contribution of 
background to the scan. 
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Table4a. 
Composition and proximate analyses of the fresh water experimental diets. 
Ingredients (kg) 
Base mix 
Fish meal 500 
Wheat grains 300 
Meat meal 100 
. Skim milk powder 50 
Vitamin premix1 12 
Mineral premix2 10 
Chromic oxide3 5 
CAROPHYLL pink4 0.75 
978kg 
Split into approximately 250kg batches 
Diet Diet Diet Diet 
1 2 3 4 
Fish oil added (kg). 0 12.5 25.0 37.5 
Proximate analysis % 
Protein 53.3 49.9 47.5 45.4 
Total lipid 10.9 15.9 20.3 25.3 
Ash ( -Cr203 ) 13.9 13.5 12.7 12.7 
Moisture 11.8 11.4 10.5 10.2 
Astaxanthin 38.9 36.3 34.6 30.3 
Cr203 0.50 0.48 0.46 0.43 
Energy 19.8 20.8 21.6 22.8 
Fatty Acids (% Total Diet) 
Saturates 14:0 0.22 0.38 0.54 0.76 
15:0 0.04 0.05 0.06 0.09 
16:0 1.58 1.89 2.21 2.04 
18:0 0.45 0.54 0.53 0.64 
20:0 0.18 0.21 0.19 0.17 
22:0 0.06 0.11 0.13 0.15 
24:0 0.01 0.02 0.06 0.08 
Total 2.53 3.22 3.75 3.92 
Monoenes 16:1 0.54 1.11 1.51 2.11 
18:1 4.15 5.96 7.95 9.54 
20:1 0.69 1.22 2.04 2.87 
Total 5.38 8.29 11.50 14.52 
w3 18:3 0.09 0.27 0.22 0.18 
20:5 0.14 0.41 0.58 0.93 
22:5 0.02 0.10 0.16 0.28 
22:6 0.33 0.73 0.92 1.43 
Total 0.57 1.52 1.88 2.82 
w6 18:2 1.87 2.08 20.6 2.59 
20:2 0.01 0.01 
20:4 0.34 0.68 1.00 1.19 
22:4 0.09 0.16 0.22 0.27 
Total 2.30 2.92 3.28 4.06 
1 All vitamins exceed Abernathy S8-2(85) recommendations, choline chloride (Ketola, 1976), 
ascorbic acid (NRC 1981). 
2commercial salmon premix (Tasmix). 
3Inert digestibility marker. 
4F. Hoffmann-La Roche Ltd. (5% astaxanthin). 
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4.3 Weight gain and feed conversion ratios. 
The four diets were fed to duplicate groups of 200 chinook salmon with an 
average initial weight of approximately 200g. Fish were hand fed three or four times a 
day on an equal protein intake/pool basis. Daily feed ration was weighed to the accuracy 
of :to.2g and ration was approximately 1.5% biomass/day. Feed output per pool was 
. updated on a weekly basis;" -Cumulative and individual-week feed consumption is .. 
presented in Table 4b. -Weight gain of the experimental groups is shown in Table 4c. and 
in Graph 4b. as treatment groups (i.e. means of replicates). 
Significant differences (p<0.05) were observed in the live weight of the 
experimental fish at the conclusion of the trial period (Table 4c ANOV A). Initially the 
high lipid diets sustained the highest growth rate, however during· the course of the 
experiment the growth rate of the fish fed diet 4 decreased. Feed conversion ratios 
differed between dietary groups but the significance of this was difficult to assess. Fish 
fed the higher energy diets (high lipid) fed with less vigour than those fed lower energy 
diets therefore some of the differences in feed conversion ratios may be attributed to feed 
wastage. 
Analyses of the total moisture content of 20 fish ranging from 150g to 600g 
showed that as the fish size increased the dry matter content of the fish (viscera in) 
, 
increased. Intact fish wet weight was correlated with a coefficient of 0.990 (p<O.OOl) to 
dry weight. Linear regression of dry weight against wet weight resulted in a dry weight 
-prediction line of Dry wt. =-1.93 + (0.275 x wet weight) (r2 = 0.979). Feed conversion 
does not account for different dry matter contents of the fish and makes the assumption 
that a 19 weight gain by a 150g fish relates to the same protein deposition as a Ig weight 
gain by a 400g fish. This was not the case and in the situation described above it was 
found that a 19 weight gain for a 150gfish results from the deposition of 0.262 dry matter 
whereas a Ig weight gain for a 400g fish results in the deposition of 0.270g of dry matter. 
For the fish sizes used in the present experiment the difference was not considered to be 
significant, however, in long term growth experiments this may be a source of error in 
feed conversion predictions. For example a theoretical difference of 4.7% in flesh dry 
matter content is evident between 150g fish and 5kg fish. 
.... ~-,-... --. 
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Table4b. 
Weekly and cumulative (shown in brackets) individual fish feed consumption (g) for fresh water experiment1. 
Diet compositions are shown in Table 4a. 
Diet Diet Diet Diet 
1 2 3 4 
Date 
23/11/87 0 (0) 0 (0) 0 (0) 0 (0) 
30/11/87 4.65 (19.1) 4.90 (20.1) 5.14 (21.0) 5.39 (21.7) 
7/1'1187 9.40 (49.6) 9.90 (51.8) 10.39 (54.1) 10.89 (55.7) 
14/12/87 14.82 (76.6) 15.60 >(80.0) 16.38 (83.4) 17.16 (85.7) 
21/12/87 20.14 (104.8) 21.20 (108.5) 26.26 (112.7) 23.32 (115.7) 
28/12/87 25.46 (136.1) 26.80 (139.0) 28.14 (143.7) 29.48 (147.1) 
4/1/88 31.92 (182.5) 33.70 (184.8) 35.28 (189.2) 36.96 (191.9) 
11/1/88 38.57 (219.8) 40.70 (220.7) 42.63 (224.6) 44.66 (227.3) 
18/1/88 45.22 > (263.4) 47.70 (263.3) 49.36 (267.5) 52.36 . (271.3) 
25/1/88 51.87 (308.0) 54.70 (305.8) 57.33 (308.1) 60.06 (311.3) 
1/2/88 56.43 (337.2) 59.50 (334.3) 62.37 (335.6) 65.34 (339.1) 
8/2/88 61.75 (312.9) 65.10 (366.8) 68.25 (368.8) 71.50 (372.6) 
15/2/88 66.31 (408.5) 69.90 (401.4) 73.29 (401.2) 76.78 (405.9) 
1 Mean individual fish intake (g) for replicate treabnent groups. Calculated as feed out/fish number. 
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Table4c. 
. ' ' .. ::i Iridividual pool and treatment mean fish -liveweightthroughout the experimental period . Feed conversion .:.r~'~-'~"..i_.~,~:-.. -",,"~ 
ratio is given as detennined for feed period Week 0 to Week x. 
Pool 1 2 3 4 5 6 7 8 
Dietl Diet 2 Diet 3 Diet 4 
FeR FeR FeR FeR 
Week 
-'--":-'':--':~-~-':'-!-'"--':'': 
Live weight (g) 
.. ", .. --'." 0 198 -222 197 ~2 244 207 199 205 
".':':'.' .-;.; 
209 221 227 202 
~~~~:~~:~~::;:.:~::-:::;-; NA NA N.A NA 
1 236 234 239 233 249 236 221 244 
235 235 245 235 
0.73 1.43 1.17 0.66 
2 285 286 258 271 296 296 294 308 
270 266 285 300 
... ', .. ".'.", .. ' .... ,.-.' .... 0.81 1.15 0.93 0.57 
3 285 255 267 274 297 281 298 288 -
268 272 287 295 
1.30 1.57 1.39 0.92 
4 297 295 297 279 281 317 302 310 
294 281 296 305 
1.23 1.81 1.63 1.12 
5 299 314 300 309 314 342 302 315 
302 303 329 307 
1.46 1.70 1.41 1.40 
6 348 310 337 322 322 335 322 324 
329 326 328 322 
1.52 1.76 1.87 1.60 
·7 316 337 374 332 372 333 325 321 
--' .-.. ~~-- .... ...,,,,: .. ;-, ~'.' 
323 343 348 323 
1.93 1.81 1.86 1.88 
9 325 355 368 383 359 367 329 317 
.' .. -: -". '-. : 259 3758 366 3218 
2.05 1.99 2.43 3.46 
10 314 389 372 397 389 348 286 311 
3648 385b 36SC 3008bc 
2.18 1.99 2.43 3.46 
12 378 375 428 420 406 427 327 355 
3738 4228b 41SC 339bc 
2.43 2.01 2.13 2.96 
. Mean liveweight data are given in bold type for dietary groups. ANOV A for liveweight are given for the 
:.:;.:.::~_'~'_-....-.i-: .... ..r-' last two sample times. Liveweightswith common superscript are not significantly different (p<0.05). 
'~-.:~, :'J _.~ .... _ ... ~.~-~--" 
•• - ____ '_0_ 
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.... ~.~_~:<- .• :L: •.• :_;.· .. _:."_ Table4d 
. -..... - . -- -. - . 
'.'~.'.-.'"-.",,,.'.-.-~-r.'_' 
--Individual pool biomass (kg) throughout the experimentcaIculated as mean fish weight x fish numbers. 
Dissolved oxygen values (D.O mg/L) sampled between week 6 and 7 are also shown. 
Pool 1 2 3 4 5 6 7 8 
Week 
0 41.6 46.6 41.4 40.8 51.2 43.5 43.2 43.1 
~'-"'~-~ •• -'-~..!'-'~~ 
1 49.3 48.9 50.2 . 48.7 52.3 49.6 48.0 51.2 
·.'.·.·,r.·,·.·.·.·.·.·._.· .. ' 
2 56.7 56.3 51.3 54.5 59.5 59.8 59.4 62.2 
...-_._~_._._._._~_ •• T •• .JJ_'_, 
'---_-_-_-_~ .... ~-'--'-L-._._.:... • ..J 3 56.2 49.2 52.6 54.5 59.1 56.8 62.3 58.2 
4 57.0 50.7 57.0 54.7 55.4 63.1 62.8 62.3 
5 53.5 50.9 54.9 57.2 59.4 65.3 60.4 60.8 
6 58.8 44.6 56.3 55.1 58.0 61.3 61.8 59.9 
D.O 8.7 9.4 8.7 9.3 9.1 9.2 8.9 9.1 
".-.<-, •• -." •.• -.-.".'-,-".".'. 
7 53.1 47.2 62.1 55.8 65.8 59.6 61.4 59.1 
9 53.6 49.4 60.4 63.2 63.2 64.6 62.2 56.4 
10 48.7 50.6 58.0 61.9 65.4 58.1 51.8 52.3 
12 57.1 48.0 66.3 65.1 67.8 70.9 58.5 58.2 
~-:-.---~-:-.:~,- ::- ... -;. -,-~ 
'.' ~ ',."--~ --.. ~-'----.--':-:--
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4.4 Astaxanthin deposition. 
4.4.1 Astaxanthin detection. 
Total carotenoid concentration was below spectrophotometric detection limit 
(0.1 "gig wet matter) in the muscle tissue of the fish at the start of the experiment. 
Astaxarithin was detected in the flesh of the fish after-14-days of the feeding- the 
experimental diets (Graph 4a, Figure4b). Acetone extracts of the fish -muscle gave a 
broad absorption peak with ~max 472nm which is characteristic of astaxanthin. A slight 
shoulder on the astaxanthin absorbance profile with a ~max at approximately 425nm was 
observed, however, it was not possible to isolate this pigment by thin layer 
-chromatography (TLC) for further analysis. Generally the 425nm shoulder peak was 
insignificant however the area under the shoulder increased (to represent approximately 
2% of the total carotenoid peak area) as the astaxanthin concentration decreased (Figure 
4c). The peak could not be detected in the majority offish analysed (when astaxanthin 
concentration exceeded approximately 2.0"g/g). The carotenoid was tentatively 
identified as zeaxanthin from absorbance profiles characterists. The presence of this 
shoulder peak was in agreement with dietary and faecal carotenoids detected and 
described in sections 3.1.2 and 3.3. The less complex nature of the absorbance profiles of -
fish muscle samples as opposed to diet samples is perhaps characteristic of the specificity 
of intestinal carotenoid absorption and the low degree of pigment metabolism before 
deposition in the muscle. 
TLC (section 3.3.2) of muscle acetone extracts confmned free astaxanthin (Rf 
0.4) was the major form of astaxanthin in the muscle. By the completion of the 
experiment muscle astaxanthin levels ranged from traces to 6.3 :to. 1 "gig. 
Astaxanthin analysis used in this experiment followed the method of Andrewes 
et al., (1976). This method did not contain a carotenoid purification step (using column 
chromatography), therefore, the determination made was a measure of total carotenoid 
concentration. Astaxanthin was assumed to be the major carotenoid present as this was 
the only carotenoid supplemented into the diets of the fish and no other carotenoids were 
detected in the muscle tissue of the fish at the beginning of the experiment. TLC of the 
muscle acetone extracts showed one red spot Rf 0.4 which confmned the identification of 
astaxanthin as the only carotenoid in quantifiable concentrations (by photometry). 
- -: ~ .. - -: -
.;-_'-"'-.-;..._._"'L-... -...._.'_._._,-' 
---. -:-----~-;..-~---- --"-1 
'!"-. / I·~-.. ~-~'~""). -'J/~-';~ 
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Another pigment (~max 425) was evident in the absorbance profile analysis of diets and 
'flesh however was notdetected-by TLC.-Analysisof totalcarotenoids is frequently used 
to detennine the performance of astaxanthin and canthaxanthin supplemented diets 
(Choubert and Storebakken, 1989). From further experiments described in chapters 4, 5 
and 6 astaxanthin was analysed in addition to total carotenoids. No statistical differences 
were observed between the two methods (ANOV A tests between astaxanthin or 
canthaxanthinconcentrations and total-car-Otenoid concentrations are summarised in. 
Appendix 3.1 to 3.7 and discussed in section 5.3.2). The assumption was made (and 
validated by results in chapters 5, 6 and 7), that the total carotenoid assay was an 
indicative detennination of astaxanthin. 
Objective assessment of the colour of salmon flesh is difficult, however Spinelli 
'-and 'Mahnken (1978) reported excellent pigmentation of coho salmon when-flesh-
astaxanthin concentrations exceeded 4.5 ±0.051lg/g (wet matter). This level appeared to 
be low in comparison with acceptable flesh colour for chinook salmon in the present 
study. Visible differences in fillet colour were evident'over the entire range of pigment 
concentrations which ranged from 0 to 6. 1 Ilg/g. A concentration of7 to 81lg/g 
astaxanthin in salmon muscle tissues is thought result in acceptable colour for successful 
marketing of the fish. This concentration relates to the colour of two year old wild New 
Zealand chinook salmon (Chapter 9). 
I.J_""~-"_·"':.-.·.-_·_'_-~_·"': 
,,-,_, ... r.,.,.o.'.-'.--'_".-, 
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astaxanthin absorption maximum(~max472nm) 
a=carotenoid absorbance. 
b=background absorbance. 
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Figure 4c. 
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4.4.2 Effect of diet on astaxanthin deposition. 
No statistical differences (p>O.05) in astaxanthin deposition were seen from the 
fish fed the three diets containing marine oil (Diets 2, 3, 4). This is in agreement with 
findings for rainbow trout (Choubert and Luquet, 1983; Torrissen et al., 1985). However 
the fish fed the diet with no added marine oil (Diet 1) showed significantly lower flesh 
pigmentatioii{Gtaph4a) than the two diets containing high levels (>15.9%) of lipid . 
(Diets 3 and 4). 
Calculation of total carcass carotenoids (section 3.2.3) takes into account 
differences in fish growth in assessing dietary pigment efficacy. Results of total carcass 
carotenoid calculations are shown in Graph 4c.. Fish fed diet 1 consistently contained 
lower total carotenoids (total mg present) than any other diet which agrees-with raw 
carotenoid concentration data (Graph 4a). Differences in the three diets containing oil 
supplementation (Diets 2, 3 and 4) which were not evident from carotenoid concentration 
data were observed on a total carcass carotenoid basis by the completion of the 
experiment. Calculation of total carcass carotenoids does not take into account the 
different feed intakes of the experimental fish. 
To account for different growth rates and feed intake on a per fish basis, pigment 
efficiency ratios (PER) % were calculated as described in section 3.2.3. The fish 
deposited 2.9% of dietary astaxanthin into the flesh when fed diet 1 however this 
percentage rose to 4.4%, 4.9% and 4.5% (Diets 2, 3 and 4 respectively). The PER values 
. for chinook salmon calculated in this experiment were found to be in agreement with the 
values for coho salmon of 3% to 5% (Spinelli and Mahnken, 1978) and lower than the 
values for rainbow trout of 7% to 10% (Choubert and Luquet, 1983). 
Positive correlation of pigment deposition with growth rate (Spinelli and 
Mahnken, 1978; Torrissen, 1981; Storebakken et al., 1985, 1986) and fish size 
(Christiansen and Wallace, 1988) has been reported for salmonids. Although live weight 
were different between dietary groups by the completion of the experiment (Table 4c) 
correlation coefficients of fish weight against muscle pigmentation showed no clear 
pattern in this experiment (Diet 1, r2 = 0.62; Diet 2, r2 = 0.86; Diet 3, r2 = 0.67; Diet 4, r2 
= 0.74). It was also noted that the fish fed diet 4 showed a period of increasing muscle 
pigmentation over a period of no growth indicating salmon which are not growing 
continue to deposit astaxanthin in their muscle tissue. 
.. 
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Graph 4b. 
Fish Live Weight Gain During the Fresh 
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4.5 Astaxanthin digestibility in relation to lipid and individual fatty acid 
digestibilities. 
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Carotenoid analysis of faecal samples showed less variation than the dietary 
absorbance profiles. A distinctive broad astaxanthin absorption peak (Amax472nm) was 
detected in thedigesta taken from the pylorus, intestine and rectum. A single sharp 
. shoulder at approximately 425nm was also detected and was attributed to the presence of 
zeaxanthin in the faeces which is in agreement with the detection of this pigment in feed 
samples. Figure 4d. shows the absorbance profiles for a rectal digesta sample where the 
highest concentration of carotenoid metabolites would be expected if significant 
breakdown was occurring. Although the carotenoid (Amax425) was visible on the total 
carotenoid absorbance profiles it was not present in sufficient concentrations to quantify. 
The disappearance of the broadened peak of the astaxanthin absorbance profile at 470nm 
. seen in the diet samples may be as a result of the free form of astaxanthin being absorbed 
preferentially to the esterified form. 
Figure 4d. 
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rectum. 
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Digestibility of astaxanthin (estimated as total carotenoids) in this experiment 
-was high(Table4e) and was in agreement-with values cited for Atlantic ,salmon of 45% 
to 74% (Storebakken et al., 1987) and rainbow trout of 60% to 70% (De La Noue et al., 
1980) however were lower than the values cited by Foss et al., (1987) for rainbow trout 
(91 % to 97%) and brown trout (74% to 96%). Astaxanthin digestibilities in this 
experiment and the literature are higher than expected when PER values are considered. 
- Choiibert(1985)'reportedthe very rapidttansport of canthaxanthin in-the blood to target 
tissues with very little, if any, metabolism. Therefore once the pigment is absorbed by 
the intestinal tract rapid transfer to target tissues (primarily the muscle) would be 
expected (carotenoid transport is discussed in detail in section 2.2.1) If digestibility 
measurements were used to determine the relative percentage of carotenoids absorbed 
'then the muscle levels would be expected to be higherthan has been observed. 
Storebakken et al., (1987) and Foss et al., (1987) cite unpublished data (Schiedt) 
suggesting incomplete extraction of pigment from faecal samples due to the formation of 
highly indigestible protein-carotenoid complexes in the intestinal tract. This would lead 
to over-estimation of pigment digestibilities as undetected pigments are assumed to be 
absorbed by the fish. Limited breakdown of carotenoids may occur in the intestinal tract 
however the contribution of this, based on the contribution of faecal the ~max 425nm 
peak, would not be expected to account for the magnitude of the discrepancy between 
PER values and pigment digestibilities. 
Also of relevance to comparisons of digestibility and muscle carotenoid 
concentration is that carotenoids are deposited in other tissues (viscera). However, based 
on previously published data approximately 60% of absorbed astaxanthin (total mg) is 
deposited in the muscle tissue (calculated from Schiedt and Leuenberger, 1981) which 
does not completely account for the 10 fold difference between digestibility 
determinations and -muscle deposition. 
Astaxanthin absorption was shown to occur in the pylorus as there was no 
increase in the digestibility coefficients as the pigment moved through the digestive tract. 
Storebakken et al., (1987) reported similar findings for rainbow trout. Results presented 
in Table 4e. verify earlier findings (Austreng et al., 1981) that the pylorus is the site of 
lipid absorption in salmonids. Caecal development in the pylorus is extremely variable 
between fish species (Buddington and Diamond, 1987) and-70% of the post gastric 
surface area of rainbow trout is taken up by the pyloric caeca (Patton and Benson, 1975). 
''-I-.--.~.~ .. ..... ~_,-' •• _--
The number of caeca present in the intestinal tract of rainbow trout is positively 
correlated to -growth rate and body size (Bergotet al;, 1981).- Althoughthere are few 
reports on caecal development in salmonids the association of pigment absorption with 
the pylorus suggests a link with lipid absorption. Between species variability in the 
relative surface area (absorptive potential) of the pylorus may play an important role in 
the intra and inter species variations observed in salmonid pigment uptake. 
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----Lipid type and availability may be more important in the deposition of pigments 
than the level of dietary lipid.- Blum and Leclercq (1970) demonstrated that chickens fed 
tallow as their sole dietary lipid source deposited xanthophyll pigments in the egg to a 
higher degree than those fed diets containing equivalent concentrations of olive oil or 
sunflower oil as lipid sources. The different lipid sources were incorporated into the diets 
at similarconcentrations.- These findings suggest that-it is the nature of the fatty acids 
present in the diet which plays a role in the deposition of carotenoids. Chou bert and 
Luquet (1983) found no difference in the deposition of astaxanthin by rainbow trout fed 
diets of variable lipid quality however these conclusions were -based -on the evaluation of 
free fatty acid (FF A) content as a measure of lipid quality with diets differing only in 
2.1 % FFA content. 
Comparison of results shown in Table 4e. show that fatty acid availability may 
be an important measure of lipid quality in pigment/lipid experiments. Significant 
differences were observed in the digestibilities of some dietary fatty acids between the 
non oiled diet (Diet 1) and the diets containing oil supplementation (Diets 2, 3, 4). The 
--long chain saturated fatty acids and thepolyunsaturatedw3 EFA of the base meal mix 
(Diet 1) showed low digestibility (Table 4e). Of particular interest were the low 
availabilities of the long chain w3 EFA's in the base meal mix which was represented by 
diet 1. These fatty acids were not available to the fish even though the diet was found to 
be deficient in w3 EFA by containing only 0.57% (.>3 EFA as fed. It is generally accepted 
that w3 EFA should be included into salmonid diets at or above a level of 1 % as fed (Yu 
and Sinnhuber, 1972, 1976; Lin et al., 1977; Kanazawa et al., 1979; Watanabe, 1982). 
The inclusion of marine oil to the base meal mix increased the digestibilities of the 
shorter chain fatty acids and the w3 EFA. The long chain polyunsaturated w3 EFA 
showed very low digestibility from the base meal mix however their digestibility 
increased by up to 100% (22:6; 4,7,10,13,16,19-docosahexaenoic acid, DC Diet 1=41 %, 
DC Diet 2=81 %) by the inclusion of only 5% marine oil. The digestibility of the w3 EFA 
,,- ,-:' -.: ,"j 
';':o-~ .. ~'o..;:;.-:,~ ... -! _~ ~.c--:-... --'" i 
~'-'--~-'---'-'---'-'---'-'-'~ 
~~_-':_-_-_'':~_-.-'':..i 
continued to increase with the inclusion of additional marine oil. This may be an 
indication that processing of fish meal renders aportionofEFA unavailable. 
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Recently workers have isolated a number of carotenoid carrying lipoproteins 
from the serum of chum salmon during pigment redistribution associated with maturation 
(section 2.2.2). The HDL and VHDL fractions appear to be the major lipid classes 
involved in the transport of astaxanthin during this period. It is interesting to note that 
-22:6 is the -maJorfatty acids- associated with the lipid fraction of rainbow trout HDL -
(Fremont and Marion, 1982) and is the ultimate product in the metabolic chain elongation 
and desaturation of the other fatty acids of the w3 EFA series (Greene and Selivonchick, 
1987). In this experiment the 22:6 which was present in diet 1 showed the lowest 
availability of any fatty acid (41 %, Table 4e). The low deposition of astaxanthin by fish 
fed this diet suggests that this fatty acid plays a role not only in the transport.of 
astaxanthin in the serum but also in the absorption process. 
There is considerable metabolic alteration of dietary fatty acids before they are 
deposited in the tissues of salmon (Greene alid Selivonchick, 1987). This makes direct 
comparison of astaxanthin transport or deposition to available dietary fatty acids difficult 
(other than the w3 essential series). If the level of dietary lipid effects the deposition of 
astaxanthin there are three possible sites of action. 
1. The dietary fatty acid may act per se in a carotenoid/lipid/protein interaction 
at the intestinal wall before it is itself absorbed and metabolised. Bigaier and Glickman 
(1983) report the active synthesis of apoproteins and lipoproteins at the intestinal 
epithelium. Intestinal apoproteins are an important source of plasma lipoprotein --
constituents, particularly HDL. Carotenoid transport across the intestinal epithelium 
(absorption) may be associated with apoproteins or lipoproteins. This could directly give 
rise to plasma lipoprotein (particularly HDL)-carotenoid complex formation. 
, 2. -Dietary fatty acid chain length and degree of saturation effects the fluidity of 
cell membranes (particularly intestinal epithelial cells) and changes in fluidity may alter 
the rate of astaxanthin assimilation. 
3. Some form of essential fatty acid (w3 EFA), or a metabolite of such a fatty 
acid, may be involved passivly in the absorption process. w3 essential fatty acids are 
exclusively supplied by the diet and as such the process of astaxanthin absorption or 
deposition would rely on dietary supply. This appears unlikely due to the lack of 
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additional response observed when increasing w3 EFA concentrations were included into 
.. the trial diets. 
Table4e. 
Carotenoid and Fatty Acid Digestibility Coefficients, DC (%). 
Diet Diet Diet Diet 
1 2 3 4 
Carotenoids 1 
Pylorus 70:t2 72:t4 67:t4 69:t2 
Intestine 79:t3 73:t4 79:t4 72:tl 
Rectum 73:t2 66:t2 70:t2 7l:tl 
Fatty acids2 
Saturates. 
14:0 90 94 92 97 
15:0 93 93 90 97 
16:0 86 83 86 89 
18:0 64 74 75 87 
20:0 95 97 83 96 
22:0 58 84 86 94 
24:0 65 100 98 96 
Monoenes. 
16:1 96 97 99 100 
18:1 94 96 97 98 
20:1 93 95 95 97 
w3EFA. 
18:3 90 96 98 99 
20:5 87 97 97 98 
22:5 63 88 96 98 
22:6 41 81 88 95 
00. 
18:2 94 96 95 97 
20:2 100 83 100 N.D 
20:4 95 95 95 96 
22:4 77 79 88 92 
1 Means of triplicate faecal samples from three series of intestinal samples. 
2 Means of duplicate samples of two series of intestinal samples . 
__ '.-_ ~ --. - .-_._ --."_'_1 
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4.6 Mortality. 
Mortality of the fish during the course of this experiment was high and appeared 
to be related to diet, environment and the effects of frequent handling during sampling. 
By the conclusion of the experiment mortality accounted for 22.5%, 16.0%,9.5% and 
7.5% of the original fish numbers for diets 1 to 4 respectively. 
.. ..:Mortality was not considered to be due to dietary deficiency of micronutrients .. 
such as vitamins. If a micronutrient deficiency was the cause of mortality diet 4 would 
have resulted in the highest mortality because this was the diet where these components 
were "diluted" to the highest degree by the addition of marine oil. This was not the case 
and in fact the reverse trend was evident. 
Lesions located around and"between the dorsal and adipose fins of a number of 
the mortalities were noted. Ultraviolet (V.V) light of middle and short wavelengths is 
able to penetrate through water provided there is no turbidity with up to 95% of all 
incidental U.V light transmitted. Rainbow trout (Bullock and Coutts, 1985) and Atlantic 
salmon (M'= Ardle and Bullock, 1987) have been shown to develop severe fin erosion 
combined with dorsal and flank lesions when exposed to high levels of sunlight, which 
under histopathological examination showed cellular changes characteristics of U. V 
radiation damage. Radiation damage sufficient to alter the integrity of the epidermis 
allows invasion by opportunistic pathogens from the surrounding water. Bullock and 
McArdle (1987) showed that lesions formed by V.V light damage was subsequently 
infected with myxobacteria and Vibrio spp. It is possible therefore that some of the 
mortalities observed in this experiment may have been due (in part) to direct U. V 
radiation damage although an attempt to minimise this by shading approximately 1m2 of 
the pools surface with heavy netting. 
Sunshine hours (NZMeteorological Service from Christchurch Airport) during 
the experimental period were investigated. Henderson and Sargent (1984) reported· 
highest trial mortalities of rainbow trout fed 15 % partially hydrogenated fish oil during 
the summer period. This coincided with the highest water temperature (I60C - 17oC) but 
sunshine hours were not discussed. The water temperature during the present experiment 
did not vary by more than loe due to the use of artesian bore water. (Bore depth = 19.6m 
: Temperature = 12.6 :t loC) and no clear relationship between sunshine hours and 
mortality was observed. 
__ Ok -_ .-___ ~ ;..-~. __ ._ --·1 
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The relatively close proximity of the bird protection netting to the water surface 
-may have contributed to some of the lesions seen: As noted earlier (section 4.4)the fish 
fed the lower lipid diets fed more vigorously than those on the higher oil diets. As the 
fish leapt out of the water to take feed they occasionally brushed against the bird 
protection netting. Bullock (1985) demonstrated increased susceptibility of the skin to 
U.V radiation damage of Plaice (Pleuronectes platessa L) when infected with the 
ectoparasite IChth'yobodonecator.-It is therefore possible that-regular contact with the 
netting may have physically damaged the integrity ofthe epidermis which, on its own, _ 
may have allowed infection by bacterial agents or could have led to increased damage 
from incidental U.V radiation. Lesions on the experimental fish were only seen on the 
dorsal side of the fish with no flank lesions (McArdle and Bullock, 1987) or fin erosion 
(BuUockand Coutts, 1985) which supports the suggestion that there was some 
relationship between netting contact and-the presence of lesions. -The more vigorous 
feeding of the fish on low oil diets may have led to more contact by this group accounting 
for their higher mortality. Some scale loss was also evident on a number of the fish and 
was associated with sampling time contact when fish were screened together for weight 
assessment. 
Nicolaides and Woodall (1962) showed decreases in the level of melanin in the 
skin of chinook salmon fed diets deficient in essential fatty acids. Melanin protects the 
skin from U.Vradiation damage. Depigmentation of the fish fed the low oil diet (Diet 1) 
may have occurred which would have increased the susceptibility to U.Vradiation 
damage although this was not chemically determined. No obvious difference or 
deterioration in skin colour was observed in any dietary group. This was not confirmed 
colorimetric ally. 
Henderson and Sargent (1980) reported that fish fed a diet of only 2% total lipid 
did not exhibit any signs of fatty acid deficiency. However, it is generally accepted that 
salmonids should not be fed diets containing lower than-I % ",3EFA as fed (Yu and -
Sinnhuber, 1972, 1976; Lin et al., 1977; Kanazawa et al., 1979; Watanabe, 1982). Diet 1 
was found to contain only 0.57% ",3 EFA as fed therefore some of the mortality of this 
group offish may have been due by EFA deficiency. 
Two ocean ranch fish releases were carried out from the hatchery at 
approximately the same time as the recorded decrease in growth and increase in post 
sampling mortality of the fish fed the high lipid diets (Diet 3 and 4). Gull numbers 
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increased at this time which may have increased the stress level of the fish. The pools 
- 'containing the fish fed diet 4 were located on the outennost side'ofthe fann and the fish 
in these pools may have been exposed to higher gull numbers than the other dietary 
groups. At this time an increase in mortality was observed for this group of fish. 
Angelindis et al., (1987) observed a decrease in the immune response of rainbow trout 
associated with stress. The trout were more susceptible to the pathogen Aeromonas 
salmlJnieida aftetexposure to stress. -The ·trout were· more fragile- and their mortality rate 
increased from 40%-60%. The piesenceof gulls and the frequent sampling of the trial 
fish may have stressed them sufficiently to have decreased their immunological response 
to pathogens which may have accounted for the overall high mortality rate. Storebakken 
et al., (1985) reported physical injury to rainbow trout during sampling can be a major 
-source of mortality; For one week of ·the experiment fish were not· sampled due to the 
mortality of the fish and a significant decrease in mortality for all dietary groups was 
evident for that week. 
.. -.:... ... ~-........ ::... . -.. -.~-.-. 
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4.7 Conclusions. -
From this experiment it was concluded that increasing the level of total dietary 
lipid above 15.9% did not enhance the deposition of astaxanthin into the muscle tissue of 
chinook salmon. However if total dietary lipid level fell below 15.9% there was a 
decrease in the utilisation of astaxanthin from the diet. 
Excessive (>25%) and deficient «10;9%) oil inclusion into the diets of chinook._ 
salmon retard growth rate. Inadequatedietary.CA)3 intake also increased mortality. 
It appeared that the the bioavailibility of fatty acids of the CA)3 series play a 
fundamental role in the absorption or deposition of astaxanthin. The pylorus was 
confirmed as the site of lipid and carotenoid absorption. Excessive CA)3 did not promote 
the absorption (digestibility) or deposition of astaxanthin, however, deficiency retards 
deposition but appears to have no effect on digestibility. It was concluded from these 
fmdings that carotenoid solubilisation into dietary lipid followed by complementary 
absorption does not occur in chinook salmon. 
High astaxanthin digestibilities observed for all four diets suggested that the role 
of the CA)3 fatty acids in astaxanthin utilisation is during transport or deposition rather than 
absorption. However, the effectiveness of astaxanthin digestibility measurements was 
questioned. 
No single cause of mortality could be shown. It is likely that the high fish 
deaths were due to a combination of factors. 
1. Scale loss and possible skin damage at sampling and feeding (netting 
contact). 
2. Maturation and associated loss of condition. 
3. Ultra violet radiation. 
4. Essential fatty acid deficiency (Diet 1). 
5. Stress. 
In conclusion lipoprotein-carotenoid and protein-carotenoid interactions have 
been shown to occur in the serum (Ando et al., 1986) and the muscle tissue (Henmi et al., 
1989) of salmon respectively. The high proportion of CoI)3 fatty acids in carotenoid 
associated lipoproteins suggest sufficient dietary supply of these fatty acids is 
fundamental to absorption, transport and deposition ofastaxanthin by salmonids. 
CHAPTERS 
. ASTAXANTHIN AND CANTIIAXANTHIN DEPOSITION 
A COMPARATIVE STUDY 
5.1 Introduction. 
Available literature is reviewed extensively in section 2.7. The need for 
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. carotenoid efficacy trials under commercial conditions has been identified. "Detailed 
recommendations for the pigmentation of market-sized fish should be based on large-
scale dose-response experiments in sea cages" (Storebakken et al., 1987). To date there is 
no information describing the pigmentation of chinook salmon under commercial sea 
cage conditions. There are no reports on the dose response of chinook salmon to 
astaxanthin andcanthaxanthin which are the two commercially available salmonid 
pigments (section 2.6). It was the aim of this series of experiments to study the response 
of chinook salmon to different dietary concentrations of astaxanthin and canthaxanthin by 
determining muscle pigment levels, digestibility and deposition efficiencies under 
commercial conditions. Commercial preparations of astaxanthin (CAROPHYLL pink, 
F.Hoffmann-La Roche) and canthaxanthin (CAROPHYLL red, F.Hoffmann-La Roche) 
were incorporated into seven diets and fed to seven groups of 1000 chinook salmon in 
200m3 (Figure 3e) sea cages at Big Glory Bay, Stewart Island. 
Aquacultural practices are described (section 3.1.3, period 1, Table 3a). Diet 
formulations are described (section 3.1.1.2). 
5.2 Diet analysis. 
Proximate analysis of the experimental diets is shown in Table Sa. Astaxanthin 
and canthaxanthin concentrations of a number of the dietary analytical results were not in 
agreement with theoretical concentrations. The causes of these aberrations is discussed in 
Appendix 2. Basal astaxanthinand canthaxanthinconcentrationswere determined by 
sampling the second commercial "plain" feed batch (no added carotenoids) made at 
Salmon Services (N.Z) Ltd after the experimental diets were formulated (Table Sb). This 
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Table 5a. 
Composition of the saltwater experimental diets (period 1) 
Ingredients (kg). 
Diet 
1 2 3 4 5 6 7 
Fish meall 500 500 500 500 500 500 500 
o Wheat grains 300 300 300 300 300 300 . 300 
Meat meal 100 tOO 100 100 100 100 100 
Milk powder 50 50 50 50 50 50 50 
Vitamin premix2 10 10 10 10 10 10 10 
Mineral premix 12 12 12 12 12 12 12 
Fish oil 42.5 42.5 42.5 42.5 42.5 42.5 42.5 
CAROPHYLL Red3 0.2 0.4 0.6 0.25 
CAROPHYLL Pink" 0.4 0.8 1.2 0.50 
Composition % 
Protein 45.4 44.9 45.0 44.1 44.2 43.4 43.7 
Lipid 15.2 14.3 13.8 15.6 14.9 14.7 15.1 
Ash 14.5 14.6 - 14.3 13.8 15.6 15.1 16.7 
HROMS 2.2 2.0 2.1 2.2 2.0 2.3 2.3 
Moisture 8.5 8.3 9.2 9.3 8.8 8.7 8.9 
Canthaxanthin6 19.7 41.0 72.0 27 
Astaxanthin6 0.3 21.0 39.0 64.0 21 
Commercial preparation. 180kg Nissui meal. 320kg Sealord commercial meal. I 
2 
3 
4 
S 
6 
All vitamins exceed the Abernathy recommendation. choline chloride (Ketola. 1976). ascorbic acid 
(NRC. 1981). 
F. Hoffmann-La Roche Ltd. (10% canthaxanthin). 
F. Hoffmann-La Roche Ltd. (5% astaxanthin). 
Hydrolysis Resistant Organic Matter. Digestibility marker (Buddington. 1981). 
Analytical result mglkg 
Table5b. 
Basal astaxanthinandcanthaxanthin concentrations (Ilg/g) of dietary ingredients used in the formulation of 
the experimental diets. 
Ingredients Proportion 
(By wt. as fed) 
Basal diet 100% 
Fish oill 4.7% 
Fishmeal2 18% 
Fish meal3 32% 
e Present as esterified astaxanthin. 
I Independent Fisheries. 
2 Nissui Fishmeal (180kg/tonne). 
3 Sealord Fishmeal (320kg/tonne). 
Astaxanthine Canthaxanthin 
NO NO 
6.0 NO 
0.5 NO 
NO NO 
. . 
, I.--... -~~ .... ~.~,:~-:~ ..... r-:.~:..r~' 
feed used the same bulk ingredients as the experimental diets and was therefore 
considered representative of the experimental diets exclusive of added carotenoids. 
5.3 Biological results and discussion. 
5.3.1 Fish Growth and Rearing Conditions for the entire Salt Water 
Experimental Period . 
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. ReSults presented in this section are relevant to pigmentation results presented in 
chapters 5, 6 and 7. It is necessary to present environmental and growth data as one 
section as the effects were cumulative throughout the entire salt water experimental 
series. 
The experimental fish were taken from two cages of fish of the same age and 
size at grading (356± 17 g). Fish are commonly graded by length into three to four groups 
(small, small medium, large medium, large) after approximately 3-4 months in the sea 
cages as fann space.becomes available. 
Experimental cages were stocked between the 19.6.1989 and the 23.6.1989 and 
'large' (top 15% in length) fish were graded directly into the cages. Examination of 
gonads during evisceration showed that >85% of the experimental fish were male which 
was a direct effect of selection of the largest 15% of stock at grading. Cages were coded 
with the letters DT (Diet Trial) followed by the number corresponding to the diet fed 
during period 1 of the salt water experimental period (DTI - DT7). 
Water temperature and salinity taken at a depth of 2m are presented in Graph 5a. 
Water temperature increased steadily from 8°C at the start of the experiment (July) to 
15°C by the completion of the three experimental periods (8.2.1990). Wanner water 
temperatures generally have a positive effect on growth rate due to a combination of 
improved feed conversion ratio and higher feed intake. Fish growth (represented by post 
bleeding weight) over the entire trial period is shown in Graph 5b. The positive effect of 
temperature on growth was observed during the middle stages of the experiment 
(6.7:1989-31.8.1989 Graph 5a, 5b). As water temperatures increased from the 31.8.1989 
there was a corresponding increase in fish growth. Fish growth rate decreased from 
23.11.1989 until the completion of the experiment. This was considered to be due to 
maturation of the fish and is discussed in section 7.1.1. Salmon pigmentation is 
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positively correlated to growth rate (Spinelli and Mahnken, 1978; Torrissen, 1981; 
Storebakkenet al., 1985, 1986). Therefore water temperature was expected to have an 
indireCt effect on the deposition -of astaxanthiil andcanthaxanthin by the experimental 
fish. Water salinity remained constant (specific gravity 1.027) for the entire experimental 
period. 
Treatment group weight was assessed at each time period from the weight of a 
single 5-fish sample, which was taken for biochemical analysis. At the completion of the 
. experitnenr(commercial harvest) the fish were packed on ice, in lots of 70. One tub of 70 
-fish was selected at random from the deck of the harvest boats (M. V.Jasmine, M. V.Seven 
Seas) as they returned to the fish processing factory (Stewart Island Fishermans Co-
operative). The fish in this tub were weighed in groups of five (± 100g) before processing 
and the accuracy of sampling with five fish was determined (Table 5c). 
Table5c. 
Accumulative and individual weights of one harvest tub (70flSh) split into 5 fishsubsamples at time of 
harvest for detennination of the accuracy of weight assessments made during the experiment. 
Fish DTt D1'2 
Number. 
Cumulative Sample2 Cumulative Sample -
kg kg kg kg 
5 9.4 1.88 7.2 1.44 
10 17.3 1.S8 IS.8 1.72 
15 2S.4 1.62 2S.0 1.84 
20 34.7 1.86 32.8 1.S6 
25 43.6 1.78 40.7 1.S8 
30 51.3 1.S4 48.0 1.46 
35 61.6 2.06 54.5 1.30 
40 71.0 1.88 63.0 1.70 
45 81.0 2.00 71.S 1.70 
50 91.2 2.04 80.4 1.78 
55 98.S 1.46 87.5 1.42 
60 107.0 1.70 96.2 1.74 
65 114.5 1.S0 103.9 1.S4 
70 123.0 1.70 112.3 1.68 
Mean rlSh weight (kg) 1.76 1.60 
Standard Deviation ±0.20 ±O.lS 
(±11.4%) (±9.4%) 
1 Accumulative weight of 70 fish harvest tub split into 5 fish subsamples. 
2 Sample. Mean fish bled weight of five fish sample (incremental weight differencelS). 
From the analyses shown in Table 5a. the 'between sample' variation in fish 
weight was estimated as ::I: 10%. Mean weights calculated from the five fish sample taken 
for biochemical analyses at harvest were 1.68kg and 1.75kg for DTI and DT2 
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respectively. These fall within the expected deviation from the mean reported for the 70 
fish sample (Table 5c) taken from these cages at harvest (one day after the analytical 
sample was taken). The sampleoffive fish was considered to be representative of the. 
trial population (± 10%). 
Within sample variation in the weights of the five fish analytical samples was 
found to be higher and represented from approximately 9% (mean of standard deviations, 
Table 5c) to 17% (mean of standard deviations, Table 5c) of the average fish weights . 
.. Within sll1t1plevariationincreased as the averageJish weight increased. Increase in size 
variation of a single population (one cage) was expected as the fish grew from their 
grading weight (mean = 365g). 
During the experiment the fish in a number of cages were attacked by Southern 
Fur Seals (Arctocephalus Josteri). Southern Fur Seals are protected mammals in New 
Zealand waters and belong to the family Otariidae, known as the eared seals. Deterrents 
emitting miXed frequency sonic pulses were fitted to the seaward facing ends of the farm 
legs and were intended to prevent seals congregating in the area of the farm. However, it 
is difficult to assess the effectiveness of these deterrents. The seals burrowed into the 
sides of the 200m3 cages forcing the fish into a pocket where they were damaged by fish-
net and fish-fish contact. The seals also bit at the fish through the netting causing injury 
to the fish (Figure 5a). Deaths from seal attacks and natural mortalies were counted as 
they fell into the 'mortality-sock' in the middle of the funnel shaped bottom of the cages. 
Mortalities were counted on a daily or two daily basis. On two occasions during the 
experiment holes were recorded in the sides of the nets caused by seals which made 
accurate counts of fish losses impossible. Accurate inventories of fish numbers were not 
repeated during the triaills a precautionary measure to minimise stress of the fish. The 
numbers offish lost due to ripped netting were estimated during the experiment and at the 
conclusion the fish were accurately counted out of the cages and shrinkage (unaccounted-
for losses) was determined. 
Cage 7 was ripped early in the trial (5.9.1989) and approximately 1000 fish were 
lost from the original 1327 fish. Recorded mortalities in the remaining cages were low. 
Howeveriiltermittent seal attacks reduced fish numbers (Table 5e) and were the major 
cause of mortality. A seal climbed into Cage 3 on the 26.9.1989 however fish losses 
were not considered to be excessive at the time. At the conclusion of the experiment, fish 
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Graph 5a. 
Water Temperature and Salinity for the 
Entire Salt Water Experimental Period. 
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Fish Growth over the Entire Salt Water 
Experimental Period. 
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_~-:...'J_' 4_·_ ...... ~"--'--'_·_-_· numbers from this cage were considerably lower than expected and it was assumed this 
arose from this incident. Cage 6 was torn 1 0 days prior to the conclusion of the trial 
. . . 
however losses, although thought to be considerable, had little impact on the experiment 'lo,-"-~ ~~_ -0.; ,.:~~ ~ ~'~.~:..r~''':; 
due to the near completion of the study. 
Table5d 
~~ -.,....:~-. .: .~.'.-':-'':-"-'~ Cumulative feed consumption (kg) for the Salt Water Experimentation. 
Diet Diet Diet Diet Diet Diet Diet 
_-'_'oJ.r":,_,.',J_'..!,'., 1 2 3 4 5 6 7 
, ••• _.,-••• ' ....... .:-=---'"'-":.=....-.": 
Date 
6n-lOn 36 36 36 36 36 36 36 17n 81 81 81 81 81 81 81 
24n 126 126 126 126 126 126 126 
31n 192 196 189 176 169 172 196 
..... ,., ... ,', ... ,';;..,' .. , .. -. 7/8 251 251 253 231 221 223 242 
14/8 321 316 313 296 271 268 312 
21/8 386 381 386 360 325 318 397 
28/8 451 446 436 415 375 372 442 
.. '-;0.:-, •. --.=--- 5/9 516 511 496 460 435 422 457 
12/9 586 581 561 530 490 497 482 
19/9 691 686 651 610 580 587 507 
26/9 781 771 741 695 625 667 527 
3/10 891 881 851 795 705 757 562 
10/10 1006 996 956 895 775 852 597 
17/10 1181 1146 1091 1045 900 977 627 
24/10 1331 1296 1291 1195 1050 1127 662 
30/10 1481 1421 1416 1345 1200 1252 692 
6/11 1656 1546 1541 1495 1325 1402 727 
13/11 1781 1671 1666 1620 1475 1552 752 
20/11 1981 1821 1841 1770 1625 1752 827 
27/11 2206 1996 2041 1970 1800 1977 827 
4/12 2281 2071 2191 2120 1950 2127 877 
11/12 2456 2196 2316 2200 2050 2252 927 
18/12 2631 2346 2466 2370 2200 2427 977 
25/12 2831 2521 2591 2520 2325 2577 1027 
1/1 2956 2621 2741 2670 2450 2702 1077 
8/1 3106 2721 2841 2820 2575 2852 1102 
15/1 3206 2821 2941 2945 2675 2927 1152 
22/1 3331 2896 3041 3045 2775 3027 1177 
29/1 3481 2996 3091 3170 2875 3102 1202 
4/2 3606 3096 3141 3245 2925 3202 1227 
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Table 5e. 
'_"_' ."-_"':" :.~~_~ ".L.~_.:L_~:' 
__ ._ ••• + ___ .L •• 
,";:-; - Fish numbers for the Salt Water Experimental Periods. 
"'..;.·o!'".· .... -~·..:-.·.:'.-.-.·L-. 
Diet Diet Diet Diet Diet Diet Diet 
1 2 3 4 5 6 7 
Date 
6n 1151 1140 1146 1199 1070 1106 1327 IOn 1151 1140 1144 1199 1069 1100* 1327 
.:.r~~-' •• ___ ~_":...._.~_'" 17n 1151 1139 1144 1199 1069 1098 1327 
_. . -~- -'. '- -' 2An 1151· . 1139 1144 1198 1068 1098 1327 - --'--'-
.".-_"0 ." ~ _ .•.•• _" •.•.• -_'.=, 
31n 1151 1138 1144 1198 1068 1098 1327 
'-'-'-'-'.'-~-'-.---'-~-'--"-~-! 7/8 11468 11338 11398 11938 10638 10938 13228 
.. --~-.---.-... -"-------.~-~--, 
14/8 1146 1133 1065 1096 1322 1141 1189 
21/8 1146 1133 1141 1189 1065 1096 1322 
28/8 1146 1133 1141 1188 1064 1096 1320 
5/9 11418 11258 11368 11748* 10588 10918 1938* 
12/9 1141 1122 1136 1172 1058 1091 193 
19/9 1141 1121 1136 1170 1057 1091 193 
... - - .-. -. -- 'lfj/9 1141 1121 1136 1170 1053 1091 193 
.-.-.... J,.., ...... -.- .. :.-.• -.. _-. 3/10 11368 11158 11318 11658 10488 .. 10868 1888 
10/10 1136 1115 1131 1165 1048 1086 188 
17/10 1136 1115 1131 1165 1048 1086 188 
2A/I0 1126* 942* 1131 1165 1048 1086 188 
30/10 11218 9378 11268 1160s 1043s 10818 1838 
6/11 1075* 883* 11'lfj 1158 1043 1081 183 
13/11 1075 883 1124 1157 1043 1076* 183 
20/11 1075 883 1124 1157 1042 1041* 183 
27/11 1075 883 1120 1157 1042 1041 183 
4/12 1075 883 1121 1157 1042 1041 183 
11/12 1070S 8788 11088* 11528 10378 10358 1788 
18/12 1070 878 1104 1152 1037 1035 178 
25/12 1070 878 1103 1152 1037 1035 178 
1/1 1065s* 8448* 1089S* 11378* 10198* 10308 173s 
.. ~.- --- .. _ .. ';._ .... 8/1 1016* 844 1074* 1137 1019 1025* 173 
15/1 1016 843 1037* 1137 1017 1021* 165* 
22/1 1003* 816* 919* 1137 1012 1018 165 
- -- -. -- 29/1 9778* 808s 907s* 11298 9828* lO13s 160S 
____ + '-_-L-_" __ •• ~. 4/2 973* 805 901* 1126 975 1010 158 
._.L. L-_-..r-'_-.-;.~_-_.-'_-." Shrinkage(%) 12.1 3.6 53.8 36.4 -3.2 23.3 -39.2 
8 Sample taken for analyses. 
* Documented seal attack on experimental cage . 
. ---, .. _. -. - _.-~ ___ a_ .. .r ___ ... '-_-"'_ ....... _ .... , 
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A number of methods were employed to minimise seal attacks however it was 
clear that small cages of 200m3 were more susceptible to seal losses than large cages of 
I 000m3. which make up the majority of the farm rearing space. This was due to the seals 
being physically unable to effectively push against the weight of the large nets. The 
small cages containing the experimental fish were not cleaned of algae as often as was 
desirable which tended to decrease disruption by seals due to the additional weight of the 
nets and the inability of the seals to see clearly into the cage. The presence of seals alone 
suggests the sonic seal deterrents employed by the company may nOl be as efficient as 
desined. Seals were generally present singly and did nOl remain in the vicinity of the 
cages for longer than two to three days . 
Figure 5a. 
-. 
I 
• .! 
~- ' 
Mortalities removed from the mortality-sock. Scarring caused by seal bites is visible 
along the flanks of the fish . 
Shrinkage (unaccounted for losses) is a common problem encountered during 
the culture of salmon in sea pens (Moring. 1989). Shrinkage was found to be a 
significant factor in the present experiment when accurate fish counts were made at the 
harvest of the fish. Table 5e. shows decreases in fish numbers during the experimental 
period which were calculated as initial number minus recorded mortalities. Shrinkage 
- - -. ----'--'- - - -=-
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values were calculated as expected fish numbers minus accurate harvest inventory as a 
percentage of the expected numbers (shown in the Table 5e). Shrinkage ranged from 
. -39.2% to 53.8% ofthe anticipated fish numbers.· Itis interesting to note the increase 
(negative shrinkage) of fish numbers in cages 5 and 7. The calculated increase in fish 
numbers for cage 7 was an artefact of underestimation of fish numbers made on the 
5.9.1989 following a major seal attack. The discrepancy in fish numbers in cage 4 
suggests underestimation of fish numbers due to incorrect counting at the beginning of 
the'experiment. It can be seen that during.the entire month ofJanuary 1990 the fish in 
cage 3 Were repeatedly attacked by seals and it was assumed that the majority of 
shrinkage occurred during this period and the occasion when a seal was found inside the 
cage (26.9.1989). Moring (1989) reported shrinkage of up to 46.5% for chinook salmon 
reared in sea cages in in Puget Sound, Washington. The losses from intact cages were 
reported as a combination of mammal attacks, bird scavenging, fish scavenging, 
decomposition of carcasses· and escapes. In the present experiment bird scavenging was 
not considered a cause of shrinkage due to the large size of the fish and lack of large 
predatory sea birds in the Stewart Island area. Moring (1989) reported fish carcasses can 
disappear from the bottom of cage in lessthari a day due to decomposition or 
opportunistic scavenging by spiny dogfish (SquaZus acanthias). This could account for 
some of the shrinkage observed during the experiment although this could not be verified. 
In an attempt to determine the timing of unaccounted-for losses in the present 
experiment feed conversion calculations were made using the expected numbers of fish. 
Variation from the mean feed conversion would suggest that the biomass (fish weight x 
fish number) estimations were incorrect. Over-estimation of fish numbers (e.g. as a 
result of unaccounted-for losses) would lead to higher feed conversion ratios than 
expected. This was evident in diet 7 (7.8.89-28.8.89) and corresponded to the major seal 
attack on this cage. No pattern in feed conversion ratio was observed for diet 3, 4 or 6 
which could indicate unaccounted-for mortalities. 
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Table 5f. 
Feed ConversionRatios For The Entire Sea Water Experiment. 
Diet 
1 2 3 4 5 6 
Feed Period. 
6.7.89-7.8.89 1.36 0.93 1.29 1.09 1.54 1.60 
7.8.89-28.8.89 0.95 2.73 1.24 2.38 1.34 0.74 
28.8.89-26.9.89 0.96 1.97 1.21 1.48 2.08 1.21 
26.8.89-24.10.89 2.79 2.60 2.59 2.50 3.21 3.53 
24.10.89-20.11.89 1.72 1.86 WD 0.97 0.86 2.32 
20.11.89-18.12.89 4.57 2.34 ·0.82 WD ·4.30 1.00 
18;12.89-4.2.90 2.13 5.00 WD 1.47 WD 0.97 
WD Weight decrease recorded between sample periods. 
5.3.2 Muscle Pigmentation. 
Low concentrations of astaxanthin and canthaxanthin were detected in the flesh 
of the fish before the start of the experiment. The fish had not been exposed to diets 
containing CAROPHYLL pigments previously. Low levels of astaxanthin are expected 
due to the assimilation of trace concentrations of esterified astaxanthin present in the oils 
used in diet formulation (Table 5b). Basal (non-supplemented) concentrations of 
astaxanthin and canthaxanthin were not significantly different between treatments (within 
sample time) or between sample times (within treatment) as summarised by ANOV A 
tables given in Appendix 3.1 to 3.8. Basal muscle levels of canthaxanthin were higher 
than expected. Canthaxanthin is not generally detected in fish oils (Table 5b) at levels to 
lead to deposition of detectable concentrations in the muscle tissue. Dust from surplus 
pelleted feeds are frequently incorporated as ingredients during feed manufacture as a 
cost saving measure. It is possible that the fish may have been exposed to very low levels 
of CAROPHYLL Pink and/or CAROPHYLLRed over a long period prior to the 
beginning of the experiment due to the addition of this material to their feed, although 
none was added to the experimental diets (Table 5a). It was assumed that flesh level of 
canthaxanthin (O.lll1-glg) was due to prior exposure to CAROPHYLL Red through dust 
. incorporation at a previous stage of the fishes life or to the assimilation of canthaxanthin 
containing plankton (Storebakken et ai, 1986). Planktonic contribution is supported by 
non decreasing canthaxanthin concentrations in the fish fed astaxanthin throughout the 
experiment suggesting continual trace canthaxanthin assimilation. This is also supported 
7 
1.24 
18.90 
1.30 
2.18 
1.77 
1.69 
2.00 
. --- -=~ :""~.- --' -~.'~~-. 
by the detection of low quantities of canthaxanthin in the ovarian tissues of wild New 
Zealand chinook salmon. These results are presented in Chapter 9. 
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Similarly theoasal flesh level of astaxanthin(O.23pg/g} was· considered to be 
due to a combination of exposure to CAROPHYLL Pink through dust incorporation, the 
long tenn exposure to low levels of esterified astaxanthin from fish oil and possible 
plankton contribution. 
During dietary carotenoid analyses it became evident that there was 
approximately: a l00kg- 150kgcarry over from previous mixtures during manufacture of 
the experimental diets (Appendix 2). This is because it was not possible to clean out the 
connecting augers between individual diet manufacture. The diets were manufactured 
from diet 1 through to diet 7. As such, any pigment carried over between dietary batches 
would have consisted of the opposite pigment to that intentionally included. 
The slope of regression lines of concentration of basal levels of astaxanthin 
(OT1, DTI, DT5) or canthaxanthin (DT2, DT4, DT6) with time during the experiment 
was not significantly different fonn 0 (p<O.05). During period 1 of the experiment the 
fish grew from 356g (TO) to approximately 900g (Graph 5b), however, the basal 
concentrations of astaxanthin and canthaxanthin remained the same throughout the 
experiment resulting in increases in total quantity present (mg/fish). This would suggest 
that continuous assimilation of low basal levels of both carotenoids occurred for all diets. 
It was not possible to identify the source of these carotenoids. 
The flesh carotenoid levels of all groups of fish, at the first sample taken (4 
weeks), were significantly higher than the basal (To) levels (AOV p<O.05). The fish 
muscle carotenoid concentrations increased with feeding time. Muscle concentrations of 
astaxanthin and canthaxanthin for all seven dietary groups are shown in Graphs 5c. to-
Graph 5i.and Appendix 3.1 to Appendix 3.8. SAS Proc GLM indicated that treatment, 
feed period and treatment*feed period effects on the concentration of astaxanthin and 
canthaxanthin in the flesh were highly significant (p<O.OI). 
It is interesting to compare the differences in total carotenoid content of the 
muscle tissue (pg) with the summation of astaxanthin and canthaxanthin concentrations 
in the same tissues ... Differences may have been due to a number of factors. 
1. The dietary assimilation of carotenoids other than astaxanthin and 
canthaxanthin. This is possible, however the contribution of these carotenoids 
relative to dietary astaxanthin and canthaxanthin would be minimal. Analysis of 
~.·.·_~_·_·_~.-.~_·2_·_-_._·~ 
"-,"-'.--.-"-'-~---.----'~-,--. 
2. 
3. 
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the experimental fish described in chapter 7 showed no detectable quantities of 
. - carotenoids other than astaxanthin or canthaxanthin in the muscle tissues. 
Metabolism of dietary astaxanthin or carithaxarithin by the fish.cThereare no 
reports of canthaxanthin metabolism in the muscle tissue of salmonids although 
Schiedt et al., (1988) reported the metabolism of canthaxanthin to IJ-carotene in 
the skin of Atlantic salmon. Astaxanthin has been shown to be reductively 
metabolised to zeaxanthin in the muscle tissue of maturing chum salmon (Ando 
"and-Hatano, 1987). Zeaxanthin, lutein and IJ-carotene-were determined in the 
muscle tissues ofa number of the experimental fish (Chapter 7) but were found 
to be below the HPLC limits of detection. 
The different methods of determining total carotenoid concentration 
(spectrophotometry) and individual carotenoids (HPLC). Methodology for total 
carotenoid analysis assumes a mean extinction coefficient and mean "'max for 
carotenoid solutions. Slight shifts from the assumed value in-"'max due to total 
carotenoid composition may lead to some variation in determination. This is to 
some extent observed in Appendix 3.2 to Appendix 3.5. Total carotenoid 
concentration was not significandy different from astaxanthin concentration for 
most samples taken from astaxanthin fed fish. However, significant variation 
(p<O.05) between total carotenoid concentration and canthaxanthin 
concentration was generally observed for canthaxanthin fed fish. Graph 5j. 
summarises the differences observed between HPLC determined fed carotenoid 
concentrations and spectrophotometric ally determined total carotenoid 
concentrations. The contribution generally increased with time suggesting a 
concentration effect in the differences between the two methods. 
Pigment deposition in salmonids is correlated to growth rate (Spinelli and 
Mahnken, 1978; Torrissen, 1981; Storebakken et al., 1985, 1986). It was not possible to 
determine the effect of fish weight in relation to muscle pigmentation in the present 
study. No correlation of fish weight with fed pigment or total carotenoid concentration 
was seen although itislik:elythat this was due to analysis of a small. sample (fivefish). 
There were no visual differences between flesh colour of the fish pigmented 
with astaxanthin or canthaxanthin (Plates 5a to 5f). 
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Graph 5c. 
Muscle carotenoids (Diet 1) 
--*- Total carotenoids 
~ Canthaxanthin 
(pg/g) 
--- Astaxanthin 
O~----------~----------~----------L---------~ 
o 1 2 3 
Sample Time (months) 
Carotenoid values represent mean values 
+ SD of five fish. 
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Graph 5d. 
Muscle carotenoids (Diet 2) 
---*- Total carotenoids ---- Astaxanthin 
~ Canthaxanthin 
(pg/g) 
5 
4 
3 
2 
1 
o~----------~--------~----------~----------~ 
o 1 2 3 
Sample Time (months) 
Carotenoid values represent mean values 
+ SD of five fish. 
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Graph 5e. 
Muscle carotenoids (Diet 3) 
--*- Total carotenoids --- Astaxanthin 
-+- Canthaxanthin 
(pg/g) 
6 
5 
4 
3 
2 
1 
O~--------------~--------------L-------------~ 
o 1 2 
Sample Time (months) 
Carotenoid values represent mean values 
+ SD of five fish. 
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Graph 5f. 
Muscle carotenoids (Diet 4) 
--*- Total carotenoids ----- Astaxanthin 
--+- Canthaxanthin 
(pg/g) 
6 
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4 
3 
2 
1 
O~--------------~-------------L------------~L-
o 1 2 
Sample Time (months) 
Carotenoid values represent mean values 
+ SO of five fish. 
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Graph 5g. 
Muscle carotenoids (Diet 5) 
---*- Total carotenoids 
-+- Canthaxanthin 
(pg/g) 
7 . 
6 
5 
4 
3 
2 
1 
-- Astaxanthin 
o ~--------------~--------------~------------~ 
o 1 2 
Sample Time (months) 
Carotenoid values represent mean values 
+ SO of five fish. 
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Graph 5h. 
Muscle carotenoids (Diet 6) 
--+- Total carotenoids -- Astaxanthin 
--+- Canthaxanthin 
(pg/g) 
7 
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5 
4 
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1 
O~--------------~--------------L-------------~ 
o 1 2 
Sample Time (months) 
Carotenoid values represent mean values 
+ SD of five fish. 
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5.3.2.1 Assessment of diets containing Astaxanthin or Canthaxanthin. 
Graphs 5c. to 5h; show the concentrations of muscle pigments reached by the 
experimental fish during period 1 of the salt water experiment. All possible subset 
regression analysis of carotenoid type, dietary carotenoid concentration, feeding time and 
weight gain were calculated against muscle total carotenoid concentration. Table 5g 
shows these regression models. 
TableSg 
All possible subset regression model for muscle total carotenoid concentration. 
p Cp Adjr2 Residual 
SS 
1 372.6 0 410.3 
2 234.9 0.2638 300.0 
3 13.1 0.6955 123.3 
4 IS.0 0.6936 123.2 
S S.O 0.7152 113.7 
2 24.3 0.6719 133.7 
3 26.1 0.6701 133.5 
2 374.5 -0.0067 410.3 
3 236.7 0.2593 299.8 
4 21.7 0.6803 128.5 
3 67.7 0.5889 166.4 
2 68.1 0.5870 168.3 
3 21.1 0.6799 129.6 
4 3.6 0.7159 114.2 
3 20.7 0.6806 129.3 
4 22.0 0.6798 129.7 
Cone = Dietary carotenoid concentration (g/tonne). 
Time = Feeding time (months). 
Intercept 
Cone 
Cone "'Time 
Cone'" Time'" Caro 
Cone'" Time'" Caro ... Gain 
Time 
Time'" Caro 
Caro 
Cone'" Caro 
Cone'" Caro ... Gain 
Caro'" Gain 
Gain 
Cone'" Gain 
Cone'" Time'" Gain 
Time'" Gain 
Time'" Caro ... Gain 
Caro = Dietary carotenoid type (astaxanthin, canthaxanthin, mixture). 
Gain = Liveweight gain (g). 
Analysis of Mallows ~ indicated that dietary carotenoid concentration, feeding 
time and weight gain had a positive effect on muscle total carotenoid concentration. The 
type of carotenoid included into the diets had no effect. Weight gain, to some extent, 
accounts for feed intake and biomass variations described previously. 
Unweighted least squares linear regression of muscle total carotenoid 
concentration with dietary carotenoid concentration, feeding time and weight gain was 
calculated as a predictor for muscle total carotenoid concentration. 
-~.I-·-. -
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Muscle total carotenoid concentration = 
. (0.0173*Conc) + (0.5773*Time),+'(0.0022*Gain) + 0.2897 
p<0.OO1 p<0.OO1 p<0.OO1 p<0.05 
t=4.38 t=4.42 t=3.40 t=2.02 
df = 145 
F = 125.3 
Adjr2 =0.7159 
RMS =0.788 
There are a great many ways of presenting data from experiments dealing with 
salmon pigmentation. Raw muscle carotenoid levels do not take into account different 
(per fish) feed intakes or fish size. Data presented in Tables 5d. and 5e. show differences 
in fish numbers and feed intake/treatment group during the experiment. The results 
presented in Graphs 5b. to 5h. do not account for these differences. It is difficult to relate 
dietary pigment inclusion levels and muscle levels directly due to a number of factors. 
1. Fish were fed to satiety, therefore fish in each cage had different total feed 
(therefore carotenoid) intakes. 
2. Different numbers of fish per treatment group (Table 5c) due to differential 
original stocking and intermittent seal attacks resulted in variation of feed 
intakes between treatment groups on a per fish basis. 
3. Variables such as individual fish weight are not accounted for in graphs of 
raw carotenoid concentration data (Graphs 5b to 5h). 
A more practical approach is the calculation of pigment efficiency ratio, PER % 
(described in section 3.2.3) which quantifies the deposition of pigment as total carcass 
carotenoids/total carotenoids ingested (where carcass is represented by fillet weight). 
This takes into account differing feed levels and fish numbers which are inevitable during 
a large scale feeding·trial. Fillet weight was assumed to be 60% of the fish live weight 
(Schiedt et al., 1985). Inclusion of astaxanthin (>4Omg/kg) into the diets of the 
experimental fish appeared to resulte in higher efficiency of pigment utilisation on a 
feed/fish basis than the inclusion of identical levels of canthaxanthin (Table 5h). This is 
-- ----'--'- - --: ---
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in agreement with findings for rainbow trout (Foss et al., 1984; Foss et al., 1987; 
. Torrissen, 1986), Atlantic salmon (Storebakken et al., 1987), brown (sea) trout (Foss et 
al., 1987). 
Astaxanthin showed higher PER % values than canthaxanthin at dietary 
concentrations of 4Omg/kg and 6Omg/kg but not at the dietary concentration of 20mg/kg 
(OT1, OTZ), where canthaxanthin appeared to be more efficiently utilised than 
astaxanthin. Fish sampled from DT1 were generally larger than the other cages which 
may have accounted for this apparent deviation from cited data. The accuracy of PER 
calculations is difficult to determine as a number of variables such as feed consumption 
and biomass are taken into account in the calculation. Given the problems associated 
with utilising commercial facilities (section 5.3.1) it was assumed PER best determines 
trends rather than actual numeric efficiency values. 
Table5h. 
Dietary PER% Calculated as described 3.2.3 
Diet 11 
Diet 21 
Diet 32 
Diet 42 
Diet 52 
Diet6l 
Total 
Carotenoids 
11.05 :I: 2.7% 
9.17:1: 2.5% 
5.24:1: 1.8% 
6.83:1: 0.4% 
3.88:1: 1.2% 
4.57 :1:0.9% 
1 Mean of sample time 1 - sample time 4. 
2 Mean of sample time 1- sample time 3. 
Fed 
Pigment 
8.57 :I: 1.4% (canthaxanthin) 
6.21 :I: 0.8% (astaxanthin) 
3.74 :I: 1.3% (canthaxanthin) 
5.71 :I: 0.6% (astaxanthin) 
2.72 :I: 0.8% (canthaxanthin) 
3.48 :I: 0.9% (astaxanthin) 
',.--:. ---
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5.3.2.2 Assessment of a diet containing astaxanthin and canthaxanthin. 
Although only one diet containing a mixture ofastaxanthin and canthaxanthin 
was studied during the salt water experiment the data obtained from this dietary group 
required individual assessment. Previous performance of mixed pigment diets in relation 
to exclusive pigment diets has led to speculation over the mechanisms (additive or non 
additive) involved in the absotption of astaxanthin and canthaxanthin (Torrissen, 1986; 
Foss et al.,1987). 
The concentration of all carotenoids in the muscle tissue of the fish showed a 
linear response with time. This is in agreement with best fit curves calculated for the 
single pigment diets. 
Table 5i. 
~Line estimates of muscle pigment carotenoid concentrations with time (Diet 7). 
TotB =1.446Ti + 0.114 
Astb = 0.901T - 0.106 
Canthe = 0.455T + 0.062 
a Total carotenoid concentration (Ilg/g). 
b Astaxanthin concentration (Ilg/g). 
C Canthaxanthin concentration (Ilg/g). 
d Feeding Time (months). 
r2= 0.837 ** 
r2= 0.863 ** 
r2= 0.867 ** 
From the results shown in Table 5j. it can be seen that chinook salmon absorbed 
astaxanthin and canthaxanthin (dietary ratio 1:1) at a ratio of 1:0.71 astaxanthin : 
canthaxanthin. This was calculated as the mean of sample times 1 to 4 (the pigmentation 
period) from a diet containing a 1: 1 concentration of the two pigments (Table Sa). This 
ratio appeared to decrease as the feeding period progressed. 
Table 5j. 
Relative deposition ofastaxanthin and canthaxanthin from a 1: 1 mixed pigment diet (Diet 7, Table Sa). 
Sample time. Astaxanthin Canthaxanthin Ratio (±SD)3 
content. 1 content.2 Ast: Canth 
Period 1. 
1. 243 185 1: 0.76 
2. 387 281 1: 0.73 
3. 1187 818 1: 0.69 
4. 1819 839 1:0.46 
Period 2. 
5.4 1304 642 1:0.49 
6.4 2319 1178 1: 0.51 
Period 3. 
8. 4512 2751 1: 0.61 
Mean total carcass astaxanthin ("g/fillet) minus basal content, (50"g) of five fish. 
Mean total carcass canthaxanthin ("g/fillet) minus basal content, (24"g)offive-fish. 
Standard deviation of the mean astaxanthin : canthaxanthin mtio for 5 fish. 
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1 
2 
3 
4 During this period the fish were not being fed the 1: 1 astaxanthin : canthaxanthin diet. The fish were 
being fed plain feed (Table 2c) for assessment of pigment loss/metabolism during a period of no 
dietary carotenoid assimilation. 
The decrease in canthaxanthin proportion between sample time 3 and 4 may 
indicate a plateau in muscle accumulation as discussed by Choubert and Storebakken 
(1989). This plateau may be due to either the muscle level of canthaxanthin approaching 
saturation or more likely, when the model of Henmi et ai., (1989) is taken into account, 
the level of total carotenoids in the muscle approaching a saturated state. Astaxanthin, 
which binds to actomyosin more strongly than canthaxanthin, would continue to bind to 
the remaining available actomysin sites at the expense of canthaxanthin. Choubert and 
Storebakken (1989) fed rainbow trout individual pigment diets and concluded that muscle 
canthaxanthin concentration tendedtowards a plateau value of approximately 2.51Jg/g 
total carotenoids. The sharp decrease in canthaxanthin concentration relative to 
astaxanthin concentration in the muscle of the fish between 3-4 months feeding may 
suggest canthaxanthin deposition was beginning to plateau. Individual PER % values for 
canthaxanthin decreased over this period suggesting a decrease in efficiency of 
canthaxanthin deposition as muscular carotenoid concentration increased. However, it is 
not possible to determine if a drop in PER % was a causal factor or a consequential factor 
of lower muscle canthaxanthin concentrations. 
-.-_ .".'. 0"0." •• " ••• ~ ... 
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The apparent plateau corresponded to a muscle canthaxanthin concentration of 
l.S ±O.2"glg (mean of five fish) and a total carotenoid concentration of 5.S ±O.8 "gig. 
This is higher than values reported for rainbow trout by Chou bert and Storebakken, 
(1989). The apparent plateau effect does not explain the high concentrations of 
carotenoids detected in the tissues of wild and experimental fish presented in chapter 9 
and chapter 7 respectively. Age, size, maturity and feed pattern may effect the ultimate 
level of accumulation in the muscle tissue. 
Comparison of results ofTableSh. and Sk. show:that the diet containing 
astaxanthin and canthaxanthin (1: 1) resulted in similar individual and total carotenoid 
utilisation to the individual pigment diets of similar total pigment concentrations. The 
efficiency of astaxanthin and canthaxanthin utilisation appeared dependent on dietary 
total pigment concentration rather than individual pigment concentrations when results 
are compared to table Sh. 
Table 5k. 
PER(%) ofastaxanthin: canthaxanthin (1:1) diet (DTI). 
PER(%). 
Diet 7 
Total 
carotenoids 
4.78:t1.7% 
Astaxanthin, canthaxanthin 
5.33:tO.7%,3.48:tO.6% 
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Graph 5i. 
Muscle carotenoids (Diet 7) 
---*- Total carotenoids 
~ Canthaxanthin 
(pg/g) . 
--- Astaxanthin 
o~----------~----------~----------~--------~ 
o 1 2 3 
Sample Time (months) 
Carotenoid values represent mean values 
+ SO of five fish. 
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5.3.3 Pigment Digestibilities. 
Pigment digestibilities (Table 51) were higher than eatlier detenninations with 
chinook salmon in fresh water (Table 4c). Column chromatography (Microcel C, Kuo et 
al., 1981) of digesta total lipid extracts enabled the isolation and characterisation of a 
number of minor pigments also present in the faeces. The most significant carotenoid 
showed ~BX at 425nm and was tentatively identified as zeaxanthin which is in agreement 
withearliercfmdings (section:4.1.1). Thispigrnentwas ilotdetected in all digesta 
samples. 
Table 51. 
Apparent pigment digestibility coefficients. DC (%). 
PYLORUS INTESTINE RECfUM 
Dietl 82 89 93 
Diet 2 78 91 94 
Diet 3 78 85 89 
Diet 4 82 88 93 
DietS 79 88 92 
Diet 6 88 90 93 
Total carotenoid digestibility coefficients (DC) were calculated for the six 
experimental diets (Austreng, 1981). DC values were high (78-94%) and no 
differentiation could be made between any of the diets. The carotenoid DC values found 
in this experiment exceed the DC values recorded in the fresh water experiment (Table 
4c). However, it is difficult to draw direct comparison due to the use of different 
digestibility markers. 
The total quantity (mg) of carotenoids present in visceral tissue could partly 
explain the differences observed between carotenoid digestibility data and PER 
calculations. PER calculations are based on carotenoid deposition in the muscle and do 
not account for deposition in visceral organs. During carotenoid assimilation by rainbow 
trout muscle carotenoids (Ilg/fish) account for only 55% of the combined visceral, skin 
and muscle carotenoids (Schiedt and Leuenberger, 1981). PER calculations therefore 
- represent approximately 1/2 of theactualcarotenoids absorbed and deposited by the fish 
when viscera and skin deposition is accounted for. However DC calculations do not 
make any distinction of the ultimate deposition site of the pigments. 
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Analysis of pigment DC values confinned earlier conclusions that the absorption 
.. uf astaxanthin'occurs in the pylorus. Torrissen (l986} reported continued canthaxanthin 
absorption throughout the length of the intestinal tract· Although the carotenoid DC 
appeared to increase through the length of the gut in the present study this was not 
considered to be outside the bounds of analytical error. 
5.3.4 Species Comparisons. 
It is difficult to draw direct comparisons between research carried out on 
different species of salmonids due to diverse experimental conditions (dietary pigment 
concentration, feed type, feed period, fish size and growth) and environmental conditions 
(water temperature, location) under which each set of experiments were carried out. For 
these reasons it is not possible to tabulate available literature. 
The effects of different environmental conditions on pigmentation experiments 
was illustrated by Storebakken-et al., (1986) who carried out identical trials on the 
deposition of canthaxanthin by Atlantic salmon, rainbow trout and brown trout at four 
different locations along the west coast of Norway. Storebakken and co-workers found 
that the degree of flesh pigmentation decreased from the southern to the northern 
locations. This variation was attributed to a number of external influences on salmonid 
pigmentation such as water temperature and growth rate, external pigment sources 
(zooplankton) and different fish size. 
By comparing all available data on the uptake of astaxanthin and/or 
canthaxanthin by salmonids trends become evident with respect to the relative deposition 
of the two pigments between species. 
A comparison of Pigment Deposition between chinook salmon 
and Atlantic salmon. 
Groups of Atlantic salmon fed it dietary level of 80 - l00mg/kg astaxanthin 
resulted in muscle concentrations of between-0.851£g/g and 1.591£g/g (Storebakk:en et al., 
1985); In the same experiment fish fed 125 mg/kg canthaxanthin reached a flesh 
carotenoid concentration of 0.731£g/g over the same period. The muscle tissue of chinook 
salmon in the present study attained average concentrations of 4.281£g/g, 4.641£g/g, 
. :"''--_ ~,-_>-'_-.' _-,'J,', 
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5.02",g/g following 90 days of feeding a dietary level of 20mg/kg, 40mg/kg, 60mg/kg 
canthaxanthin-respectively. Astaxanthin fed chinook salmon muscle attained 4. 18 p.g/g, 
4.46",g/g, 4.60",g/g over the same period. It can be seen by comparing the data from 
Gmph 5b., Tables 5b.-5e. and pigment values from Storebakken et al., (1985) that 
chinook salmon deposit astaxanthin and canthaxanthin in the muscle more readily than 
Atlantic salmon. 
Data presented for chinook salmon (graph 5h) show that after 12 weeks muscle 
astaxanthin levels reached3.5#g/g while'Canthaxanthinreached 3.34p.g/gwhen fed at a 
dietary level of 60 mg/kg. Storebakken etal., (1987) reported that Atlantic salmon fed at 
a dietary pigment level of 60 mg/kg attained a muscle astaxanthin level of approximately 
2.3 ",g/g or a muscle canthaxanthin level of 2.0 ",g/g after 12 weeks feeding (34% and 
40% lower than the present study respectively). However the fish described by 
Storebakken were smaller (62g initial- 406g final) than the experimental fish used in the 
present study (356g to approximately 880g).It has been shown that larger fish 
(approximately lkg) deposit carotenoids more efficiently than smaller fish (Torrissen, 
1985; Christiansen and Wallace, 1988; March et al., 1990). This may explain some of 
the differences observed between chinook salmon in the present experiment and Atlantic 
salmon in Storebakkens study. 
Utne and Gulbrandsen (1984) carried out experiments to pigment Atlantic 
salmon which were a similar size (560g) to the fish used in the present experiments. 
These fish contained 2.1",g/g canthaxanthin after 112 days of 501lg/g of dietary 
canthaxanthin, however, chinook salmon in the experimental work described in this 
report attained flesh levels of 3.34",g/g, 3. 14",g/g, 2.16",g/g at dietary canthaxanthin 
inclusions of 6Omg/kg, 40mg/kg and 20mg/kg respectively after only 90 days feeding ... It 
can-be seen from this that even when the dietary canthaxanthinconcentration was less 
than half that for Atlantic salmon (20mg/kg as opposed to 50mg/kg) that chinook salmon 
of similar size deposited more canthaxanthin in their muscle tissue over a shorter time 
period. A practical consequence of this is that it may be possible to pigment chinook 
salmon using a lower dietary carotenoid level for a shorter feed period than Atlantic 
salmon. 
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A comparison of Pigment Deposition between chinook salmon 
. and Arctic charr. 
Christiansen and Wallace (1988) fed two size groups of Arctic charr a wet diet 
(61.1 % DM) with a canthaxanthin inclusion level of 40mg/kg (wet). This led to muscle 
levels of 2. 16pglg after 63 days (for fish weighing more than 125g) and 1.12",glg (for 
fish weighing more than 17 g). Chinook salmon in the present study had reached 
1.52"gtgwhen fed 60mg/kgcanthaxanthin (approximately equivalent 40mg/kg 
canthaxanthin wet diet (60% moisture) over the same period although direct comparison 
is possibly not valid due to the lower deposition of carotenoids from the moist diets used 
in this experiment (Storrebakken et al., 1986). 
A comparison of Pigment Deposition between chinook salmon 
and Brown (sea) trout. 
Storrebakken et al., 1986 compared the deposition of canthaxanthin from dry 
diets (canthaxanthin concentration = 43 mg/kg) and wet diets (canthaxanthin 
concentration = 42 to 50 mg/kg) by sea trout. After 100 days muscle canthaxanthin 
concentrations were only 1 pglg and 1.5 pglg for the dry and wet diets respectively. In the 
present study chinook salmon attained muscle canthaxanthin concentrations of 2.16",glg, 
3. 14pglg and 3.34pglg after being fed 20, 40 and 60 mg/kg canthaxanthin for 90 days. It 
would appear from this comparison that chinook salmon deposit canthaxanthin more 
effectively in the muscle tissue than brown trout. 
. A comparison Qf PigmentDeposition between chinook salmon 
and Rainbow trout. 
In the experiment described previously (section 5.3.4.1, 5.3.4.3) Storrebakken et 
al., (1986) found muscle canthaxanthin concentrations of lOpglg and 7pglg in rainbow 
trout fed dry (43mg/k:g canthaxanthin) and wet (42-50mglkgcanthaxanthin) diets 
respectively after a feed period of 100 days. As described in section 5.3.4.3 chinook 
salmon had reached muscle concentrations of canthaxanthin of 2.16pg/g, 3. 14pg/g and 
3.34pg/g after being fed 20,40 and 60 mg/kg canthaxanthin for 90 days. It would appear 
from this comparison that rainbow trout deposit canthaxanthin more effectively than 
chinook salmon. 
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Deufel (1965) fed rainbow trout40mg!kgcanthaxanthin .. After 8 weeks the 
trout muscle tissues contained 3.4Jtg/g canthaxanthin. By comparison chinook salmon 
muscle tissue contained only 1.48Jtg/g canthaxanthin after the same feed period at an 
equivalent canthaxanthin concentration. It is interesting to note that 12.6Jtg/g total 
carotenoids were also detected in the tissues of the trout by Deufel (1965). This large 
····discrepancy between total carotenoidsandcanthaxanthin may bias conclusions regarding 
the true ctepositionefficiency of canthaxanthin by occupancy of actomysin carotenoid 
binding sites (section 2.2.2) by other carotenoids. More recently Pozo et al., (1988) fed 
50 mg/kg canthaxanthin to rainbow trout for 60 days. The fish attained a muscle 
canthaxanthin concentration of lOJtg/g (+«-tocopherol) and 7 Jtg/g (no added «-
tocopherol). The deposition by both groups of rainbow trout was considerably higher 
than that the chinook salmon in the present study. 
From these studies it would appear that rainbow trout deposit-carotenoids with 
greater efficiency than chinook salmon. 
A comparison of Pigment Deposition between chinook salmon 
and Coho salmon. 
Spinelli and Mahnken (1978) fed coho salmon a dry diet supplemented with 
various amounts red crab meal (Pleuroncodes planipes) extract resulting in a dietary 
astaxanthin (present as -(3R,3'R) diester) concentrations of 16mg/kg, 72mg/kg and 
144mg/kg. After 8 weeks the fish fed these respective diets had attained a muscle 
concentrationofO.6Jtg/g, 1.8Jtg/g and 3. 1 Jtg/g. 
The muscle tissue of the chinook salmon in the present study contained 1.3 Jtg/g 
(1.58Jtg/g) and 2.4Jtg/g (1.52Jtg/g) astaxanthin (canthaxanthin) after being fed dietary 
supplementations of 2Omg/kg and 6Omg/kg for 8 weeks. 
From these results it appears that astaxanthin and canthaxanthin are both utilised 
more efficiently by chinook salmon than esterified astaxanthin is by coho salmon. 
~_-_-.'.~~ .• ' •• -.""'-'-.-0".-' 
5.4 Discussion 
5.4.1 Astaxanthin and canthaxanthin deposition efficiency compared._ 
Details with reference to cited data are already given in species comparisons 
under section 5.3.4. 
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Astaxanthin appeared to be more efficiently utilised than canthaxanthin when 
dietary carotenoid concentrationexceeded-40mglkg based on PER data in agreement with 
literature cited in section 2.6.2.4 and section 5:3.4. The high PER for canthaxanthin 
when fed to chinook salmon at 20mglkg contradicts these findings. Between the dietary 
concentrations of 20 and 40mglkg a two fold decrease in PER was observed for both 
carotenoids. This relationship resulted in equivalent mg quantities of carotenoid being 
deposited in the muscle tissues of the fish, although this was not clear from muscle 
carotenoid concentrations primarily due to variations in fish size. Between dietary 
carotenoid concentrations of 40 to 60mglkg a slight decrease in PER was observed. This 
decrease was not directly inversely proportional to the increase in dietary carotenoid 
concentration as observed low dietary concentrations. 
PER for the fish in the present experiment were higher than those found for the 
fresh water experimental groups (Diet 2, chapter 4, being nutritionally representative of 
the diets described in the current chapter). Direct comparisons are difficult due to 
differing fish size and environmental conditions. 
No clear differences were observed between the digestibilities of the two 
carotenoids, however the use of digestibility as an efficiency determinant for carotenoid 
studies was questioned in section 5.3.3. 
5.4.2 Astaxanthin. canthaxanthin mixtures. 
There have been few experiments dealing with mixed pigment diets. Torrissen 
(1986) fed rainbow trout a 1:2 of astaxanthin (27mglkg) and canthaxanthin (50mglkg) but 
found higher deposition ofcanthaxanthin_than astaxanthin. It is difficult to relate these 
results to the current experimental work due to the different astaxanthin to canthaxanthin 
ratio used. Foss et al., (1987) fed rainbow trout and brown (sea) trout a diet containing 
3Omg/kg canthaxanthin and 3Omg/kg astaxanthin. This resulted in flesh concentrations 
..,;::-. .;.-- --", -~ ~'--.' - .-~ 
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of astaxanthin and canthaxanthin in the ratio of 1:0.80 (after 5 weeks feeding), 1:0.91 
(after 10 weeks feeding), 1: 1.10 (after 22 weeks feeding) for rainbow trout. For brown 
trout the muscle pigment ratio was found to be 1:0;89 (after-lO weeks feeding) and 1:1 
(after 22 weeks feeding) from which Foss and co-workers concluded that rainbow trout 
and brown trout absorb astaxanthin and canthaxanthin with equal efficiency although the 
gross pigment absorption by rainbow trout is higher than brown trout. 
The data from this experiment contradicts the findings of Foss et al., (1987) as 
astaxanthinwas absorbedapproximatelyL4:timesmore efficiently than canthaxanthin 
from the 1: 1 dietary mixture. Astaxanthin has been shown to be more efficiently 
deposited in salmonid muscle tissue than canthaxanthin (Storebakken et al., 1987; Foss et 
al., 1987) at equivalent concentrations (although data presented in table 5h. suggests the 
opposite is true for very low pigment concentrations in chinook salmon). As such, the 
deposition of astaxanthin would be expected to be higher than canthaxanthin from a diet 
containing a mixfure of the pigments at equal concentrations. The ratio of muscle 
astaxanthin : canthaxanthin in the present study decreased with time (Table 5j). However, 
this result contradicts Foss et al., (1987) who showed increases in the flesh astaxanthin: 
canthaxanthin ratio with time which would suggest that although astaxanthin is absorbed 
to a higher degree initially canthaxanthin is more readily absorbed (than astaxanthin) as 
the feeding period is extended. 
In the same series of experiments Foss et al., (1987) fed rainbow trout and 
brown trout a 1: 1 mixture of an astaxanthin diester (astaxanthin dipalmitate) and 
canthaxanthin. Astaxanthin esters are deposited in the muscle of salmonids with lower 
efficiency than the free form of the pigment. This was reflected in the ratios of muscle 
astaxanthin : canthaxanthin which were 1:1.50 (after 5 weeks feeding), 1:2.54 (10 weeks 
. feeding), 1;3.33 (after 22 weeks feeding).-- Brown trout muscle contained the two 
pigments in the ratio of 1:1.6 (after 10 weeks feeding), 1:3.75 (after 22 weeks feeding). 
Canthaxanthin was absorbed to a higher degree than astaxanthin dipalmitate. However 
muscle total carotenoid concentrations were the same at equivalent time periods for the 
fish fed the diets containing free-astaxanthin with canthaxanthin. Allowing for the lower 
absorption of thedipalmitateofastaxanthin than the free form from this experiment Foss 
et al., (1987) concluded that a common absorption pathway is present for astaxanthin and 
canthaxanthin. More recently Torrissen and Christiansen (1991) have also reported no 
evidence of a synergistic effect on carotenoid deposition due to combinations of 
astaxanthinand canthaxanthin-inthe diets of rainbow trout. 
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- Results presented in TableSh.and Sk. support the hypothesis that acnon-additive -
pathway of astaxanthin and canthaxanthin absorption occurs. The proposed common 
competitive absorption pathway for astaxanthin and canthaxanthin was first put forward 
by Foss et al., (1987). The lower efficiency of canthaxanthin absorption compared to 
astaxanthin may be related to lower pigment-protein complex formation at the intestinal 
epithelium. The mOdel ofHenmiet aL; (1989) proposing-lower actomyosin interaction _ 
for canthaxanthin than for astaxanthin may also have some relevance in the intestinal 
epithelium. 
s.s Conclusions. 
The difficulties involved with carrying out experimental work on remote sea 
cage sites were evident and results were-affected by unaccounted for losses and predator 
attacks. 
Diets containing 20mg/kg of astaxanthin or canthaxanthin, while utilised 
efficiently, did not result in acceptable flesh colour following prolonged intakes. During 
the initial stages of the pigmentation period no significant differences were observed 
between dietary carotenoid concentrations of 20, 40 or 60 mg/kg. Therefore, for initial 
pigmentation 2Omg/kg astaxanthin was sufficient Dietary carotenoid concentrations in 
excess of 4Omg/kg were required for effective pigmentation over the time period studied. 
At these concentrations astaxanthin was more effectively utilised than canthaxanthin. A 
practical consequence of these findings is that fish may be fed a low level of astaxanthin 
for a prolonged period to optimise deposition efficiency. This period could then be 
followed by an increase in dietary astaxanthin, sacrificing efficiency but providing 
sufficient astaxanthin for effective pigmentation. A definitive recommendation of actual 
dietary astaxanthin or canthaxanthin concentrations is not possible due to a number of 
factors such as differing environmental conditions and fish genotype between farm sites. 
However, for the site involved in the experimental study dietaryastaxanthin -
concentration of 20 to 3Omg/kg for a period of 5 to 6 months, followed by an increase to 
50-60 mg/kg 3 months prior to slaughter was recommended based on PER data presented 
in table Sh. 
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Data presented in Chapter 9 shows that astaxanthin is the major carotenoid in the 
flesh of wild, New Zealand chinook salmon. 'The muscle tissue of wild two and three 
year old fish contained no significant proportions of canthaxanthin. Therefore, a 
estimation of a dietary astaxanthin : canthaxanthin ratio to impart identical colour 
characteristics to farmed fish was not relevant. Also the poorer utilisation of 
canthaxanthin relative to astaxanthin from the mixture fed group showed a non 
synergistic effect between deposition of the two carotenoids. 
From data presented in this chapter it was cQnfirmed that astaxanthin, as the 
naturally occurring carotenoid in the muscle tissues of salmon, is more efficiently utilised 
than canthaxanthin. No benefits were evident from feeding a mixture of the two 
carotenoids to the fish. 
Since completion of the experimental work described in this chapter a feeding 
protocol based on these conclusions was adopted at the New Zealand Salmon Company 
Ltd. Stewart Island site. Fish due for 1991/1992 harvest were reported as having 
excellent flesh colour (Personal communication, Rob Lawrence, New Zealand Salmon 
Company Salmon Operations Manager) confirming the conclusions drawn. 
CHAPTER 6 
LOSS OF MUSCLE CAROTENOIDS AFTER CESSATION OF 
DffiTARY ASTAXANTIllN AND CANTHAXANTIllN 
SUPPLEMENTATION 
6.1 Introduction 
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There is confusion surrounding colour loss from pigmented salmon and trout fed 
diets containing no supplementary carotenoids. It has been shown that salmonids cannot 
synthesise oxygenated carotenoids (although they can metabolise dietary carotenoids) and 
that all flesh carotenoids originate from dietary carotenoids. The effect of the 
discontinuation of dietary intake of carotenoid pigments is not well documented in 
comparison to the wide range of literature available dealing with the assimilation and 
deposition of the carotenoids. 
Muscle astaxanthin and canthaxanthin concentrations have been found to either 
decrease (Arai et al., 1987) or increase (Choubert, 1985) following cessation of dietary 
supplementation with the carotenoids. The degree of metabolism of carotenoids in 
muscle tissue of rainbow trout and Atlantic salmon (section 2.4.2) is small, if in fact it 
occurs at all (Schiedt et al., 1985; Katsuyama et al., 1987; Ando and Hatano, 1987). Arai 
et al., (1987) reported that astaxanthin was the only carotenoid present in the muscle of 
coho salmon following 24 weeks of a colour fading experiment suggesting, no 
metabolism of deposited astaxanthin in the muscle. 
Choubert (1985) recorded increases in muscle carotenoid concentrations of 
rainbow trout following cessation of dietary supplementation, and attributed this to 
redistribution of carotenoids from short half life visceral organ tissue to the muscle which 
has a relatively long half life. These findings were a-confirmation of earlier work by 
Schiedt and Leuenberger (1981) who, using tritiated astaxanthin, found non decreasing 
astaxanthin concentrations in muscle tissue at the expense of visceral organ astaxanthin 
concentrations. 
Flesh colour of anadromous salmon fades during upstream migration and 
subsequent cessation of feeding. Carotenoid loss during this- stage of the fish's life is due_ 
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primarily to the internal redistribution and subsequent metabolism of carotenoids from 
the muscle to the ovaries (female). and the skin (male) discussed in section 2.3.1. 
There are four factors which must be considered in studies dealing with the loss 
of muscle carotenoids following cessation of dietary carotenoid supplementation. 
1. The dilution effect on muscle carotenoids due to growth. 
2. Mobilisation of carotenoids from body organs (high metabolic tissue 
turnover) to muscle. 
3. Carotenoid metabolism in the muscle tissue. 
4. The maturation status of the fish. 
Aquacultural practices are described in (section 3.1.3, period 2) and diet 
formulation and proximate analysis is shown in table 6a. 
6.2 Experimental Conditions 
Proximate analysis of the experimental diets ("Plain feed", no added 
carotenoids) is shown in table 6a. No canthaxanthin was detected in the experimental 
diets. Astaxanthin was detectable in small quantities, present in esterified form. This 
was attributed to the low concentrations of esterified astaxanthin found in the meals and 
oils used in the experimental diet formulations (section 5.2). 
"Plain feed" was fed to the fish as described (section 3.1.3.2, Table 3a). DT1, 
DT2 -and DTI were fed plain feed for a periodoftwo months which followed a four 
month pigmentation period described in "chapter 5. DT3, DT4, DT5 and DT6 were fed 
plain diets for three months which followed a three month pigmentation period described 
in chapter 5. 
Water temperature, salinity and fish growth are summarised in graphs 5a. and 
5b. Section 5.3 describes experimental conditions during the entire salt water 
experimental period. 
Table6a 
Composition of the salt water experimental diets (period 2). 
Ingredients (Kg) 
Fish meal! 
Wheat grains 
Meat meal 
Milk powder 
Vitamin premix2 
Mineral premix 
Fish oil 
Composition % 
Proximate analysis % 
Protein 
Total lipid 
Ash 
Moisture 
Astaxanthin 
500 
300 
100 
50 
10 
12 
42.5 
42.3 
13.6 
13.3 
10.0 
Not detected 
Commercial preparation. 180Kg Nissui meal, 320Kg Fletchers meal. 
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1 
2 All vitamins exceed the Abernathy recommendation, choline chloride (Ketola, 1976), ascorbic acid 
(NRC, 1981). 
6.3 Pigmentation Loss 
6.3.1 Carotenoid Concentration. 
One way analysis of variance of muscle total carotenoid and individual 
carotenoid concentrations during the colour fading experiment showed there was no 
significant loss of carotenoid from the muscle tissue of most treatment groups. Those 
fish with relatively high concentrations of canthaxanthin in their muscle tissue (DT3) 
showed a significant decrease in muscle total carotenoid (p<O.l) and canthaxanthin 
concentration (p<0.05) after three months. Similarly significant decreases in muscle total 
carotenoid (p<0.1) and canthaxanthin (p <0.01) concentrations were recorded for DT5 
after 2 months. The muscle tissue of the fish fed the mixed carotenoid diet (DTI, Table 
3a) also showed a significant decrease incanthaxanthin concentration (p<O.I) over a three 
month period, however no significant decrease in astaxanthin concentration was recorded 
over the same period. Graphs 6a to 6f show muscle carotenoid concentration determined 
for DTI to DT7 respectively over experimental period 2. 
The results for DTI, DT5 and DT7 are not in agreement with Choubert (1985) 
who reported increases in muscle canthaxanthin levels when pigmented rainbow trout 
were starved or fed non-pigmented feed for a period of 38 days. This may be due in part 
. . 
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to an extended period of non-pigmented feed consumption by the fish in the present 
study. 
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Schiedt and Leuenberger (1981) reported a rapid decrease in the concentration of 
astaxanthin from the organs of rainbow trout fed tritiated astaxanthin, followed by a 
carotenoid depletion period of 4 weeks. The concentration in the flesh decreased only 
slightly, however, considerable loses were observed from most of the visceral organs. 
This was inwcativeofthe redistribution'ofastaxanthin frolll tissues with a relatively short 
cellular half life to tissues with low metabolic turnover, such as muscle, which is in 
agreement with Chou bert (1985). 
Appendix 3.5 to Appendix 3.7 show within and between treatment effects over 
period 2 of the experiment for DT3 to DT6. Appendix 3.6 to Appendix 3.7 show these 
parameters for DT1, DTI and DT7. By the completion of period2 of the experiment 
there were no significant between treatment differences in carotenoid concentrations of 
all groups of fish except DT7. This group showed significantly higher muscle 
concentrations of canthaxanthin and total carotenoids than DT3 and DT2 respectively. 
Decreases in visual flesh colour were not observed (Plates 6A to 6D show colour 
of DT4 to DT7 during pigment depletion period). The effect on period 2 on colour 
perception (as determined by colorimetry) of the flesh is discussed in chapter 8 and 
shown in graphs 8.4.1.a to 8.4.1f, 8.4.2.a to 8.4.2.f and 8.4.3.a to 8.4.3.f. 
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Graph 6c. 
DT3 Flesh Pigment Levels after Cessation 
of Dietary Canthaxanthin Supplementation 
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Graph 6e. 
DT5 Flesh Pigment Levels after Cessation 
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Graph 6g. 
DT7 Flesh Pigment Levels after Cessation 
of Dietary Carotenoid Supplementation 
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6.3.2 Total Carcass (fillet) Carotenoids. 
The·total mg of carotenoids present in the muscle tissue as represented by fillet 
contribution (section 3.2.3) increased during the- colour fading experiment. This effect· 
was not observed for fed carotenoids (astaxanthin and or canthaxanthin). Table 6c. 
summarises total carcass (fillet) carotenoids present in the fish during the carotenoid 
depletion experimental period. 
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Table6b. 
Total Fillet Carotenoids (mg) during the entire carotenoid depletion experiment. 
Sample 3 
Total Carotenoids (mg). 
DTI 
DT2 
DT3 
DT4 
DT5 
DT6 
DT7 
2313 
1906 
2018 
2320 
Fed Carotenoids (mg). 
DTlC 
DT2a 
- DT3c 
DT4a 
DT5c 
DT6a 
DT78,C 
1615 
1352 
1391 
1799 
a Astaxanthin. 
C Canthaxanthin. 
NA Not analysed. 
Sample 4 
2804 
1645 
2443 
2427 
2277 
2687 
2930 
2066 
1338 
1872 
1822 
1673 
2247 
1819,839 
Sample 5 
3241 
2500 
1953 
3178 
3756 
2386 
NA 
2352 
2062 
1297 
2456 
2489 
1926 
1305,642 
Sample 6 
3112 
2527 
3712 
2274 
3141 
3234 
4008 
2018 
2006 
2278 
1687 
2009 
2217 
2319,1178 
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Choubert (1985) suggested the increase was due to internal redistribution of 
carotenoids from various body organs. It would appear from this experiment that visceral 
carotenoids represent significant quantities of total body carotenoids although this was 
not determined quantitatively. Schiedt and Leuenberger (1981) showed an approximate 
1: 1 ratio of muscle and visceral carotenoids (total mg present) in pigmented rainbow 
trout. Redistribution of these carotenoids to the muscle following cessation of dietary 
carotenoid supplementation could account for the increases in total carotenoids/fish 
reported in Table 6b. 
The ratio of astaxanthin:canthaxanthin in the muscle of the fish previously fed a 
1: 1 mixture of the carotenoids (017) decreased during the carotenoid depletion 
experimental period. Astaxanthin:canthaxanthin decreased from 2.16, 2.03 to 1.97 over 
the three month depletion period suggesting lower canthaxanthin concentrations in 
visceral tissues than astaxanthin or thatastaxanthin is preferentiallydeposited.- This is in --
agreement with absorption and deposition data presented in section 5.3.2.2. 
- '-P-.-.-.-_-O ~-_~ .... _ .• -.-~-_-_. 
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63.3 Assessment of Carotenoid Metabolism. 
Arai et ai., 1987 reported no carotenoids other than astaxanthin present in the 
muscle tissue of coho salmon fed Antarctic krill extract for 8 weeks followed by a 24 
week period of no carotenoid supplementation. This suggested very little metabolism of 
astaxanthin during both the deposition anddepletion,periods __ In the present experiment 
metabolic rates were estimated by considering the difference between fed carotenoid and 
total carotenoid concentration expressed as a percentage as described in chapter 5. The 
results are presented in table 6c. 
Table6c. 
% difference between HPLC individual carotenoid analysis and spectrophotometric total carotenoid as a 
possible estimate of carotenoid metabolism during salt water experimental period 2. 
Diet 1 
Diet 2 
Sample time 3 
Diet 3 23.3 
Diet 4 14.7 
DietS 25.9 
Diet 6 10.7 
Diet 7 
Sample time 4 
21.5 
12.7 
13.8 
11.5 
16.7 
5.9 
9.3 
Sample time 5 
19.9 
13.2 
18.5 
8.7 
19.4 
7.4 
Sample time 6 
27.1 
14.6 
20.4 
9.4 
23.5 
21.5 
12.8 
Percentage difference between previously fed and total carotenoid 
concentrations amounted to between 10 and 20 percent of the total fillet carotenoids at the 
completion of the carotenoid feeding period (period 1, Graph 5j). This contribution 
appeared to decrease over period 2 which may indicate a number of effects. 
Competition for distinct binding sites in the muscle tissues as cited by Henmiet 
ai., 1990 would lead to preferential binding by carotenoids with high affinity for 
actomyosin. Astaxanthin and canthaxanthin have the highest affinity of carotenoids 
commonly found in salmonid muscle tissue and would therefore be expected to be 
deposited rapidly once in the bloodstream (Choubert, 1985). 
Fish previously fed astaxanthin generally showed a lower percentage difference 
between fed and total carotenoid concentrations than fish previously fed canthaxanthin at 
... - -' ",-
."-__ ~ ,-,...::~_ • ..:; _-' .-_0 ~_-:..t-_. 
equivalent dietary concentrations. This observation is discussed with reference to 
~ .. analytical methodology in section 5.5 
6.4 Conclusion. 
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The decreases in muscle carotenoid concentrations observed relative to increases 
in muscle bulk indicated the continual deposition of astaxanthin andlorcanthaxanthinin 
the muscle. This carotenoid deposition was not due to the incorporation of astaxanthin or 
canthaxanthin into the diets. From results cited in literature it was concluded that 
redistribution of carotenoid stores led to an initial increase followed by maintenance of 
muscle carotenoid content. Although not analysed in the present study the visceral 
organs are the most likely source of these carotenoids(Schiedt and Leuenberger 1981; 
Choubert,1985). 
The lack of metabolites found following re-exposure to astaxanthin andlor 
canthaxanthin (described in chapter 7) confirmed that no metabolism of the two 
carotenoids occurs in the muscle tissue following cessation of dietary carotenoid 
supplementation (Arai et al., 1987). 
;;... ~r--,.- • ...:.- _.-.-~-.-_-.-.: 
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CHAPfER7 
NON-UNIFORM FilLET CAROTENOID DISTRIBUTION 
7.1 Introduction. 
Pigment depositioilduringexperimental-period 3 (Table 3a)Js described in. this _ 
chapter. During this period the fish in the seven experimental cages were fed 3 diets 
containing astaxanthin and/or canthaxanthin as described in Table 3a, Table 7a. 
During experimental period 3 fish were fed astaxanthin and/or canthaxanthin for 
two months after the period of plain feed exposure (Period 2, Table 3a) to allow the fish 
to· be harvested commercially . :Musc1econcentrations of astaxanthin, canthaxanthin and 
totalcarotenoids:wereanalysed (section 3.2.1.2). Fish were fed the same pigment type as 
they were exposed to during period 1 (Table 3a) of the experiment, however only one 
concentration of each pigment was used (Table 7a) and fed to three cages of fish. Diet 
analysis is shown in table 7 a. Environmental and experimental conditions are described 
in section 5.3.1. Gonad development on a number of the fish was evident indicating the 
onset of maturation. Photography of fillet sample are given in Plates 7 A to 7G. 
The reductive metabolism of astaxanthin to zeaxanthin during pigment 
redistribution at maturation has been shown (Schiedt et al., 1985; Abdulrahman et al., 
1988; Ando and Hatano, 1987). Ando and Hatano (1987) report the metabolic reduction 
- -0£ astaxanthininc the muscle tissues of chum salmon. This is in contrast to conclusions 
drawn by Schiedt et al.,(1985) that maturation associated metabolism of astaxanthin to 
zeaxanthin occurs during or after carotenoid redistribution. Similarly reduction of 
canthaxanthin to p-carotene in the skin of Atlantic salmon and rainbow trout has also 
been reported (Schiedt et al., 1985). 
Toward the completion of this experimental period (Period-3, Table 3a) it 
became evident that pigmentation was not evenly distributed throughout the fillet (plate 
7 A to 7H). A region of non pigmented flesh became visible along the spinal line of the 
fillet from the region posterior to the adipose fin and anterior to the caudal fin and 
appeared to be linked to the maturation of male fish. This phenomenon may be the 
similar to piebalding reported elsewhere for chinook salmon (Prince; 1916; McCaUum . et 
al., 1987; Hard, 1987) and, more rarely, coho salmon (Hard, 1987). 
'.---.'-'-
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In an attempt to detenninewhetherpoor caudal carotenoid concentrations were 
. due to pigment metabolism, growth-dilution or maturation a study of the composition of 
muscle carotenoids was carried out. Flesh samples from the dorsal region and caudal 
regions of five astaxanthin and five canthaxanthin pigmented fish, which exhibited pale 
caudal pigmentation, were analysed for astaxanthin, canthaxanthin, zeaxanthin 
(astaxanthin metabolite) and fj-carotene (canthaxanthin metabolite) as described in 
section 3.2.1.2. 
Table 7a. 
Composition of the salt water experimental diets (period 3). 
Ingredients (Kg) 
Fish meal! 
Wheat grains 
Meat meal 
Milk powder 
Vitamin premix2 
Mineral premix 
Fish oil 
CAROPHYLL Pink (g) 
CAROPHYLL Red (g) 
Composition % 
Proximate analysis % 
Fish groups 
Protein 
Total lipid 
Ash 
Moisture 
Astaxanthin 
Canthaxanthin 
500 
300 
100 
50 
10 
12 
42.5 
DTl35 
o 
400 
DTl,3,5 
42.3 
13.6 
13.3 
10.0 
N.D 
41 
DT246 
500 
o 
DT2,4,6 
42.4 
13.1 
13.1 
9.9 
27 
N.D 
Commercial preparation. lSOKgNissuimeal,320Kg Fletchers meal. 
DT7 
500 
250 
DT7 
40.6 
12.9 
14.0 
1O.S 
22 
25 
1 
2 All vitamins exceed the Abernathy recommendation, choline chloride (Ketola,1976), ascorbic acid 
(NRC, 19S1). 
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7.2 Pigment deposition during re-exposure to dietary carotenoids. 
The rate of pigment uptake by the seven groups of fish is shown in Graph 7 a. 
Astaxanthin deposition appeared to be higher than canthaxanthin deposition over this 
period. however insufficient data points were available for statistical evaluation. The 
astaxanthin : canthaxanthin ratio for the fish fed the diet containing a mixture of the two 
carotenoids is given in chapter 5. 
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7.3 Uneven distribution of carotenoid pigments within the fillet. 
7.3.1 Assessment of Carotenoid Metabolism. 
Neither zeaxanthin nor J3-carotene were detected in the dorsal or caudal flesh of 
any of the fish analysed (fable 7b). This suggested that the pale region detected in the 
caudal region of the fish was not due to the reductive degradation of the deposited 
astaxanthin or canthaxanthin. There were significantly lower concentrations of fed 
carotenoids and total carotenoids present in the caudal region when compared to the 
dorsal region (p<O.OI). Fed carotenoid concentrations were between 18% and 60% lower 
in the caudal region than in the dorsal region of the fish sampled. 
PLATE7H 
Uneven carotenoid distribution in the caudal region 
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Table 7b. 
Dorsaland caudal fed and total carotenoid concentrations for fish exhibiting decreased flesh colour in the 
caudal region. Zeaxanthin and tJ-carotene concentration was also detennined, however, were below .. 
detection limit (0.051lg/g) in all fish muscle samples analysed. 
Astaxanthin 
fed fish. 
Canthaxanthin 
fed fish. 
Fed 
Carotenoids 
Dorsal (Caudal) 
4.4 (2.5) 
5.7 (2.3) 
4.7 (2.8) 
5.4 (3.0) 
4.4 (3.2) 
2.5 (2.0) 
3.9 (3.2) 
4.8 (3.3) 
4.0 (2.3) 
Total % Decrease 
Carotenoids 
Dorsal (Caudal) Fed (Total) 
5.1 (3.3) 43.2 (35.3) 
6.6 (3.6) 59.6 (45.5) 
5.2 (3.6) 40.4 (30.8) 
7.3 (4.2) 44.4 (42.5) 
5.3 (4.3) 27.3 (18.9) 
3.6 (2.9) 20.0 (19.4) 
6.0 (4.9) 17.9 (18.3) 
6.7 (4.7) 31.3 (29.9) 
6.6 (2.8) 42.5 (57.6) 
t-test of dorsal and caudal regions showed significant differences in carotenoid concentration (p<O.Ol) for 
both groups of fish and for both pigment types measured within those groups. 
From the lack of reductive metabolites of either astaxanthin or canthaxanthin 
detected in the flesh of the fish it appeared unlikely that the piebald effect observed was 
due to carotenoid metabolism. Zeaxanthin has been reported in the muscle tissues of 
salmonids previously (Table 2c). Lack of detection was therefore not considered to be 
due to metabolic kinetics as zeaxanthin appears to be a long lived carotenoid species. 
7.3.2 Assessment of pigment dilution due to growth. 
The caudal and dorsal girths and the length of lOS fish were· measured (section 
3.1.4.2, Fig. 3f, Graph 7b) to determine the effects of growth on these measurements 
using live weight as an indicator of growth. A strong positive correlation to live weight 
was observed for length and dorsal circumference measurements. No relationship was 
found between the caudal circumference and any of the other measurements made (Table 
7c). Multiple regression analysis showed that weight gain is primarily due to positive 
increases in the length and dorsal circumference of the fish. Increases in the caudal 
circumference as the fish grew from approximately 900g to 2300g was not significant. 
Therefore dilution of muscle carotenoids in the caudal region due to increases in muscle 
bulk, caused by normal growth of the fish, cannot be considered to be the main causal 
factor of colour loss in this area. 
. . ~--', 
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Table7c. 
Correlation coefficients and multiple regression analysis of live weight, length and dorsal 
and caudal circumferences of 105 fish. 
Correlation coefficients. 
Weight 
Length 
Dorsal 
Caudal 
Weight against 
Weight Length Dorsal Caudal 
1.0000 
0.8203 1.0000 
0.9399 0.7298 1.0000 
0.5784 0.5415 0.5199 1.0000 
Multiple linear regression analysis (r2 values). 
Length 0.6730 
Length x Dorsal 0.9220 
Length x Caudal 0.6984 
Length x. Dorsal x Caudal 0.9248 
Dorsal 0.8834 
Dorsal . x Caudal 0.8944 
Caudal 0.3345 
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The gonadosomatic index of the fish was recorded, however the carotenoid 
. 'concentrations of too few fish were analysed for sufficientsignificance.Itis however a 
general observation by chinook salmon growers that the pale caudal region appears at the 
onset of maturation. 
7.S Conclusions. 
The rate of deposition of astaxanthin and canthaxanthin appeared to increase 
during re-exposure to the carotenoids although this could not be determined statistically. 
No significant growth dilution of the caudal region was observed therefore it 
was concluded that the observed decrease in colour at the caudal site was not solely due 
to cessation of carotenoid deposition in this region. It was concluded that the decreases in 
colour observed (and carotenoid concentration) were due to carotenoid mobilisation from 
these tissues associated with the onset of maturation. 
No metabolism of astaxanthin or canthaxanthin was apparent in the muscle 
tissues in agreement with Schiedt et al., (1985) but in contrast to the findings of Ando 
and Hatano (1987). The fish in the present study were previously exposed to carotenoid 
free diets. 
These conclusions were confirmed by the absence of astaxanthin metabolites in 
the muscle tissues of wild chinook salmon, sampled during upstream migration, 
associated with maturation (Chapter 9). 
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CHAPTERS 
COLORIMETRIC BV ALUA TION OF MUSCLE TISSUE. 
S.l Introduction. 
To a large extent the colour -of farmed salmon detemrines-their market price. 
The perception of colour by a consumer is an aesthetic trait. This is the primary level of 
consumer acceptance or refusal of salmon in the marketplace, however, visual appearance 
is extremely difficult to quantify experimentally. 
Colorimetry is a tool which is under-utilised in the assessment of salmonid flesh 
colour. A number of workers have used colorimetric determinations to define flesh 
colour in a number of salmonid (Saito, 1969; Schmidt and Baker, 1969; Seurman et al., 
1979; Choubert, 1982; Skrede and Storebakken, 1986) and white fish species (Young and 
Whittle, 1985). 
Photography of samples was found difficult to standardise throughout the 
current experiment The same colour under different conditions may be assigned 
different colour notations, and colorimetry allows standardisation of the light 
environment in which the colour characteristics of a sample are determined. Colour 
notation systems deal with colour attributes as they are perceived by the sense of vision 
but are limited to surface colours. Notation systems do not account for other visual 
characteristics such as gloss and texture which are associated with animate perception of 
colour. Nor are translucence or luminescence accounted for when chromaticity is 
determined. 
All colour perceptions can be split into six elementary colours (white (w), black 
(s), yellow (Y), red (r),blue (b) and green (g)). Numeric classification of a colour-
perception describes the degree of resemblance to an elementary colour and is expressed 
as a number from 1 to 100 with 100 representing the elementary colour. For anyone 
arbitrary surface colour with no translucence or luminescence the sum of the six 
elementary colour attributes is 100, i.e. w + S + Y + r + b + g = 100. Yellow, red, blue and 
green are known as the four elementary chromatic colours. 
The colour solid assigns values as three dimensional points within x, y and z 
axes. The x-axis represents greene -), red( +), the y-axis represents black( -), white ( +) and 
'--. . 
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the z-axis -represents blue( -), yellow( +). Therefore any single colour cannot possess more 
than two elementary chromatic colours within the colour solid. The origin within the 
colour solid represents pure grey. A single colour cannot simultaneously possess 
greenness with redness, whiteness with blackness or blueness with yellowness. A point 
within the colour solid therefore unambiguously represents a single colour. The L, a, b 
. colour solid is shown in Figure 8a. 
A variety of colour scales have been used to assign colour characteristics to 
sample materials. Tristimulus xyz values represent the three spectral axis respectively. 
Hunter Lab and Commission Internationale d'Eclairge (CIE) systems have been derived 
from the tristimulus xyz scale. The Hunter Lab and CIE-(1976) L * a *b * scales, as 
derivatives of the tristimulus.xyz scale (section 3.2.4) have been used effectively to 
measure the colour of salmon flesh in the form of two dimensional colour hue 
(redness/yellowness) analysis (Saito, 1969; Schmidt and Bak~r, 1969; Seurman et ai., 
1979; Choubert, 1982; Skrede and Storebakken, 1986). The two dimensional hue 
determination is shown in the CIE-(1976) L * a *b * colour space is given in Figure 8b. To 
date studies have been largely based on the assumption the colorimetric redness and 
yellowness values are representative of salmon flesh colour. To date no comprehensive 
evaluations on standardising colorimetric determination of salmon flesh colour have been 
undertaken. 
Salmon pigmented with astaxanthin, canthaxanthin and a combination of the two 
pigments were assessed colorimetricallyby determination of chromaticity values using 
Tristimulus xyz, Hunter Lab and CIE-(1976) L * a * b * colour scales in a series of 
experiments. Colorimetry is described elsewhere (3.2.2). Colour assessment was based 
on comparison of chromaticity values with, 
a. Pigment concentration; determined by spectrophotometry (3.2.1.2.1) and by 
HPLC (3.2.1.2.2). 
b. Pigment type; astaxanthin, canthaxanthin, or a mixture of the two pigments. 
c. Fillet site of colorimetric reading; dorsal, caudal or visceral flap regions of 
the fillet. 
There are conflicting reports as to whether the resulting flesh colour of 
salmonids fed astaxanthin or canthaxanthin are the same. Torrlssen (1986) stated 
" ... canthaxanthin is absorbed and deposited well, and gives nearly the same coloration of 
the flesh as astaxanthin ... ". Craik and Harvey (1987) report TLC spots for canthaxanthin 
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are orange-red while astaxanthin and its esters were deep red. Saito and Regier (1971) 
and Spinelli et at., (1974) found the flesh colour of brook trout to be orange after feeding 
canthaxanthin however, Deufel (1965) and Foss et al., (1984) could not distinguish 
between the colour of rainbow trout fed astaxanthin or canthaxanthin. Schmidt and Baker 
(1969) reported red pigmentation of pink salmon, rainbow trout and cutthroat trout 
pigmented with canthaxanthin. 
The majority of the-reported differences in flesh-colour have been objective and 
there have been few colorimetric determinations of the possible differences in flesh 
colour of fish pigmented with astaxanthin or canthaxanthin. Schmidt and Baker (1969) 
presented Hunter alb values for canthaxanthin pigmented rainbow trout, pink salmon and 
cutthroat trout compared to wild (astaxanthinpigmented) coho salmon, however, this 
experiment did not address the question of different flesh colour between the two 
different pigments. Skrede and Storebakken (1986) measured CIE-(1976)L * a*b * values 
for eight canthaxanthin pigmented farmed and eight wild (astaxanthin pigmented) 
Atlantic salmon. Differences in colorimetric values were related to pigment 
concentration and no differences were reported between the two pigments. 
Chromaticity measurements are described comparing astaxanthin and 
canthaxanthin pigmented salmon. Of particular intere.st was the comparison of redness 
and yellowness components as colour hue for astaxanthin and canthaxanthin. Visually no 
difference could be detected between the colour of fish in the present experiment fed 
either astaxanthin or canthaxanthin (Appendix 5). 
The grading of farmed salmon flesh is generally based on visual assessment of 
fillets cut from entire fish. On the wild and farmed "large salmon" markets this can lead 
to the down-grading of a number of fish (by filleting) for visual colour scoring of the 
flesh. Ideally a colour measuring system would not involve cutting premium quality 
chilled fish into fillets but would leave-them whole (eviscerated) and colour 
determination would be carried out on the exposed surface of the visceral flap. However, 
due to differing amounts of peritoneal fat, connective tissues and rib structure present 
which make up this surface this is difficult. Colorimetry of the visceral flap was 
evaluated relative to analytically determined carotenoid concentrations to determine the 
suitability of colorimetry oUhis area as a fillet colour predictor. 
Due to the large number of individual colorimetric data points (5fish x 3regions 
x 40rientations x 9colour scales x 7 treatments = 3780values x 7 samples = 26460results) 
- :-' -~ - -- .". - ~-. - .' - \ 
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chromaticity measurements are compiled in Appendices 4.1 t04.46~as means of the four 
individual orientation readings as described in section 8.3.1. Fillet colour was also 
assessed colorimetrically during the period of dietary pigment withdrawal to determine 
how or if the fillet colour characteristics altered during this period (Period 2).In the 
interests of clarity the graph numbering system used previously was altered to represent 
resuItsfromindividualsections as opposed,to the full chapter. 
8.2 The colour of non-pigmented salmon flesh. 
Determination of flesh colour characteristics was divided into three major 
groups, .1 ... canthaxanthin fed,.2. ,astaxanthin fed and 3. mixture fed. Analysis of the 
effect of feeding regime (period 1, period 2 or period 3) was-also carried out within these 
groups. 
It was evident at the start of the experiment that colorimetric measurement of the 
fillets resulted in positive redness chromaticity readings when Tristimulus y, Hunter a and 
CIE-(l976) a* values are considered (Appendix 4.1). Low concentrations of astaxanthin 
(0.23 Jlg/g) and canthaxanthin (0.11 Jlg/g) were detected in the muscle of the fish at the 
start of the experiment. The origin of these pigments in the experimental fish was 
discussed previously in (section 5.3.2). The colorimetric values of the fish prior to the 
start of the experiment (Sample time 0) may have been due solely to the presence of low 
levels of carotenoids. However, .haemoglobinspresent in. the muscle tissue of the fish 
may have been partly responsible for the reddish colouration, although the fish were bled 
at slaughter by severing the carotid artery (3.1.4.1). The contribution of haemoglobin to 
the redness colorimetry values was therefore considered to be minimal due to the 
bleeding procedure which was followed by washing of the fillets. 
Young and Whittle (1985) reported Hunter Lab values for minced preparations 
of a number of white fish. These results are summarised in Table 8a. Hunter a values for 
minced fillets of blue whiting, horse mackerel and saithe (all considered white fish) 
exceeded the Hunter a values recorded for the fillets of experimental fish prior to the 
beginning of the feeding trial (Table 8a., Appendix 4.1). Therefore it was assumed that 
the reddish colour of the flesh prior to the start of feeding with pigmented diets was due 
to the inherent colour of the white (non-pigmented) salmon flesh. 
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Table 8a. 
Colorimetric determinations of minced preparations of the fill ets number of common whi te fish species 
(Young and Whittle, 1985) and TO experimental fish. 
Species L a b 
Plaice 
Hake 
Cod 
Haddock 
AJaskan pollock 
Whiting 
Blue whiting 
Horse mackerel 
Saithe 
68 
61 
55-61 
53-58 
58 
51-54 
51-54 
43 
41-45 
0.5 
1.5 
0.5-3 
1.5-2.8 
1.2 
1.8-2.1 
3.2-4.0 
5.6 
1.8-5.5 
10.5 
12. 5 
8.8-1 1.6 
8.4-1 1.9 
11.0 
8.4-12.2 
11.2-12.2 
10.2 
6.0-9.5 
Sample tim e 0 
CURRENT EXPERIMENT 
51.1 ±2.5 4.4±1.7 12.4±O.8 
Figure 8a. 3D colour space 
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Figure 8b. 2 Di mensional colour hue 
CIE 1976 L: a*b * COLOR SPACE 
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8.3 Evaluation of methodology. 
Initial analysis of the effectiveness of colorimetric scales (Tristimulus xyz, 
Hunter Lab, CIE-(1976) L * a *b *) involved evaluating the methodology used in the series 
of experiments. The effects of orientation and sample site were investigated. 
8.3.1 Fillet Orientation. 
The effects of the fillet orientation on the colorimetric value were determined 
using one way analysis of variance within colorimetry groups 1,2 and 3. Four readings 
,were taken from each site (dorsal,ccaudal and-visceral flap) and designated north, east; 
south and west as described previously (section 3.2.2). No significant differences were 
observed for the orientation of the fillet when chromaticity was measured from cut fillet 
surfaces (dorsal and caudal regions). Orientation did, however, have significant (p<O.05) 
effects on whiteness value~ (x, L, L *) for the visceral flap chromaticity readings. This 
may be partly explained by the non uniformity of the visceral flap as opposed to the 
smoother faces of cut fillet surfaces. Orientation also had a significant effect on 
tristimulus y values for the visceral flap region, however, tristimulus x, y, z values were 
found not to be an effective scale for colour determination of the fillets tested (section 
8.3.2). 
In summary, no significant effects on relevant chromaticity values were seen due 
to fillet orientation and therefore orientation readings were treated as quadruplicates. 
8.3.2 Fillet Sample Sites. 
As the experiment proceeded increasing red pigmentation of all the experimental 
fish sampled was observed. Visually there was no difference between the colour of the 
astaxanthin fed or canthaxanthin fed fish in agreement with Deufel (1965) and Foss et al., 
(1984). 
Colorimetric values were tested (SAS Proc GLM) for site and orientation effects -
(Dorsal, Caudal, Visceral Flap). Site effects were found to be very highly significant 
(p<O.OOl) however orientation of the fillet on the colorimeter had no effect on the redness 
_ _,: .'0 ____ :-' _ ~ ___ , 
.'- . -~ - ..;-" .. ~ 
• -o.-~.: ... _ o.--",:._ • .::-,o-_"_'-: __ ~.="-_~.' 
(Hunter a~ CIE-(1976) a*) and yellowness (Hunter b, CIE-(1976) b*) chromaticity 
measurements confmning the results discussed in section 8.3.1. 
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The effects between sample sites on colorimetric values were determined on an 
individual fish basis irrespective of carotenoid concentration. The orientation values 
were treated as means of four individual readings for analyses. Significant increases in 
. numeric value (p«);05) were observed' for Tristimulus xyz, Hunter L.and CIE-(1976) L * 
-
values between the dorsal and visceral flap readings and between the caudal and visceral 
flap readings. The increase observed for whiteness values was most likely due to the 
layer of peritoneal fat and rib structure of the visceral flap region. The effect observed for 
Tristimulus y and z values was an artifact of the high correlation between Tristimulus x, y 
and z values for the visceral flap region irrespective of visual colour perception. 
Coefficients of correlation for Tristimulus xyz values are shown in Table Be., Table 8i. 
and Table 8k. Significantdifferences in Hunter a and CIE-(1976) a * between the dorsal 
and caudal sites was observed for a number of fish toward the completion of the 
experiment (e.g. fish 1,2 and 4 DT7, Sample time 7, Appendix 4.47). This was expected 
when the differences in carotenoid concentratons between these two regions are 
considered (as discussed in chapter 7). 
The relationship of chromaticity measurements within colorimetric scales are 
shown. Graphs 8.3.2.a to Graph 8.3.2.c (Tristimulus xyz), Graphs 8.3.2.d to Graphs 
8.3.2.f (Hunter Lab) and Graphs 83.2.g to Graph8.3.2.i (CIE-(1976) L * a *b *) show the. 
relationship between values making up the colour solid (section 8.1) within each 
colorimetric scale. Only readings taken at the dorsal site are shown. 
A strong linear relationship was observed between Tristimulus x, y and z values 
and is shown for the dorsal site in Graph 8.3.2.a, Graph 8.3.2.b and Graph 8.3.2.c. The f2 
for multiple regression analyses of linearity between x, y and z for astaxanthin, 
canthaxanthin and mixture fed fish were 0.9616, 0.9544 and 0.9345 respectively. 
A linear relationship between Hunter a and b was evident. Graph 8.3.2.d, Graph 
8.3.2.e and Graph 8.3.2.f. show this relationship for the dorsal sample region. Hunter L 
did not correlate well with either a or b values for any sample site tested (Tables 8c. to 
8k.). Similarly, strong relationships were observed between CIE-(1976) a * and b * values 
but these values were did not correlate to L * readings. These relationships observed for 
the dorsal region are shown in Graph 8.3.2.g, Graph 8.3.2.h and Graph 8.3.2.i. 
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Graph B.3.2.b 
Stepwise analysis of variance of Tristimulus x 
Individual Cum 
SS DF 
Constant 50144 
Tristimulus y 1372.9 
Tristimulus z 82.259 
Residual 69.485 
1 
2 
97 
Cum 
SS 
1372.9 
1455.1 
1524.6 
Unweighted least squares linear regression of Tristimulus x 
Variables Coefficient Std. Error Students T 
Constant 0.3007 0.5123 0.59 
Tristimulus y 1.4654 0.0497 29.46 
Tristimulus z -0.6461 0.0609 -10.6 
Cases 98 
Degrees of Freedom 95 
Overall F 994.7 
Adjusted R squared 0.9535 
R squared 0.9544 
Residual mean square 0.7314 
Cum 
MS 
1372.9 
727.56 
15.718 
P 
0.5659 
0.0000 
0.0000 
Adjusted 
R-Square 
0.8994 
0.9535 
Mallows 
CP 
113.5 
3 
P 
2 
3 
Graph 8.3.2.b Tristimulus x, y and z values 
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Graph 8.3.2.c 
Stepwise analysis of variance of Tristimulus x 
Individual Cum 
SS OF 
Constant 17180 
Tristimulus y 387.63 
Tristimulus z 41.085 
Residual 30.03 
1 
2 
36 
Cum 
SS 
387.63 
428.71 
458.74 
Unweighted least squares linear regression of Tristimulus x 
Variables Coefficient Std. Error Students T 
Constant 1.3568 0.9673 1.4 
Tristimulus y 1.4255 0.0929 15.34 
Tristimulus z -0.67333 0.0987 -6.82 
Cases 37 
Degrees of Freedom 34 
Overall F 242.7 
Adjusted R squared 0.9307 
R squared 0.9345 
Residual mean squarec 0.8832 
Cum Adjusted Mallows 
MS R-Square CP P 
387.63 0.8405 47.5 2 
214.36 0.9307 3 3 
12.74 
P 
0.1698 
0.0000 
0.0000 
Graph 8.3.2.c Tristimulus x, y and z values 
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Graph 8.3.2.d 
Stepwise analysis of variance of Hunter L 
Individual Cum 
SS DF 
Constant 197950 
Hunter a 266.94 
Hunter b 978.3 
Residual 526.52 
1 
2 
99 
Cum 
SS 
266.94 
1245.20 
1771.80 
Unweighted least squares linear regression of Tristimulus x 
Variables Coefficient Std. Error Students T 
Constant 26.602 1.8752 14.19 
Hunter a -1 .1656 0.0783 -14.89 
Hunter b 2.5068 0.1867 13.42 
Cases 100 
Degrees of Freedom 97 
Overall F 114.7 
Adjusted R squared 0.6967 
R squared 0.7028 
Residual mean squarec 5.428 
Cum Adjusted Mallows 
MS R-Square CP P 
266.94 0.1420 181.2 2 
622.62 0.6967 3 3 
17.90 
P 
0.0000 
0.0000 
0.0000 
Graph 8.3.2.d Hunter L, a and b values 
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Graph 8.3.2.e 
Stepwise analysis of variance of Hunter L 
Individual Cum 
SS DF 
Constant 198260 
Hunter a 91 .29 
Hunter b 893.71 
Residual 640.47 
1 
2 
97 
Cum 
SS 
91 .29 
985 
1625.5 
Unweighted least squares linear regression of Tristimulus x 
Variables Coefficient Std. Error Students T 
Constant 26.758 2.0786 12.87 
Hunter a -1.114 0.0996 -11.18 
Hunter b 2.387 0.2074 11 .51 
Cases 98 5 
Degrees of Freedom 95 
Overall F 73.05 0 
Adjusted R squared 0.5977 
R squared 0.606 
Residual mean squarec 6.742 
Cum 
MS 
91 .29 
492.50 
16.76 
P 
0 
0 
0 
Adjusted 
R-Square 
0.0463 
0.5977 
Mallows 
CP 
133.6 
3 
P 
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3 
Graph 8.3.2.e Hunter L, a and b values 
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Graph B.3.2.f 
Stepwise analysis of variance of Hunter L 
Individual Cum 
SS DF 
Constant 70643 
Hunter a 254.25 
Hunter b 327.37 
Residual 77.26 
1 
2 
36 
Cum 
SS 
254.3 
581 .6 
658.9 
Unweighted least squares linear regression of Tristimulus x 
Variables Coefficient Std. Error Students T 
Constant 29.731 1.8294 16.25 
Hunter a -1.0347 0.0647 -15.99 
Hunter b 2.0823 0.1735 12 
Cases 37 
Degrees of Freedom 34 
Overall F 128 
Adjusted R squared 0.8758 
R squared 0.8827 
Residual mean squarec 2.272 
Cum 
MS 
254.3 
290.8 
18.3 
P 
0 
0 
0 
Adjusted 
R-Square 
0.3683 
0.8758 
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Graph 8.3.2. f Hunter L, a and b values 
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Graph 8.3.2.g 
Stepwise analysis of variance of CIE- (1976) L * 
Individual Cum 
SS OF 
Constant 265550 
CIE - (1976) a* 378.59 1 
CIE - (1976) b* 498.49 2 
Residual 935.66 99 
Cum 
SS 
378.59 
877.08 
1812.7 
Unweighted least squares linear regression of CIE- (1976) L * 
Variables Coefficient Std. Error Students T 
Constant 44.175 2.1493 20.55 
CIE-(1976) a* -1.0877 0.1170 -9.29 
CIE-(1976) b* 1.1738 0.1633 7.19 
Cases 100 
Degrees of Freedom 97 
Overall F 45.46 
Adjusted R squared 0.4732 
R squared 0.4838 
Residual mean s uare 9.646 
Cum Adjusted Mallows 
MS R-Square CP P 
378.59 0.2008 52.7 2 
438.54 0.4732 3 3 
18.31 
P 
0 
0 
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Graph 8.3.2.9 CIE- (1976) L*, a* and b* values 
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Graph 8.3.2.h 
Stepwise analysis of variance of CIE- {1976} L * 
Individual Cum 
SS DF 
Constant 265220 
CIE - {1976} a* 164.15 1 
CIE - {1976} b* 382.6 2 
Residual 1092.7 97 
Cum 
SS 
164.15 
546.75 
1639.5 
Unweighted least squares linear regression of CIE- {1976} L * 
Variables Coefficient Std. Error Students T 
Constant 45.047 2.3287 19.34 
CIE - {1976} a* -0.899 0.1304 -6.89 
CIE - {1976} b* 0.968 0.1678 5.77 
Cases 98 
Degrees of Freedom 95 
Overall F 23.77 
Adjusted R squared 0.3195 
R squared 0.3335 
Residual mean squarec 11.5 
Cum Adjusted Mallows 
MS R-Square CP P 
164.15 0.0907 34.3 2 
273.38 0.3195 3 3 
16.90 
P 
0.0000 
0.0000 
0.0000 
Graph 8.3.2.h CIE - (1976) L *, a* and b* values 
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Graph 8.3.2.i 
Stepwise analysis of variance of CIE - (1976) L * 
Individual Cum 
SS DF 
Constant 95159 
CIE- (1976) a* 294.65 1 
CIE- (1976) b* 270.46 2 
Residual 114.61 36 
Cum 
SS 
294.65 
565.12 
679.73 
Unweighted least squares linear regression of CIE- (1976) L * 
Variables I Coefficient Std. Error Students T 
Constant 42.404 1.9044 22.27 
CIE - (1976) a* -1.130 0.0920 -12.28 
CIE - (1976) b* 1.226 0.1369 8.96 
Cases 37 
Degrees of Freedom 34 
Overall F 83.82 
Adjusted R squared 0.8215 
R squared 0.8314 
Residual mean squarec 3.371 
Cum Adjusted Mallows 
MS R-Square CP P 
294.65 0.4173 81 .2 2 
282.56 0.8215 3 3 
18.881 
P 
0.0000 
0.0000 
0.0000 
Graph8.3.2.i CIE - (1976) L *, a* and b* values 
Mixture fed fish (DT7), Dorsal sample site 
Data points are mean values of four orientations for individual fish 
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Statistical analyses were also carried out on the effect of sample site on the 
relationship between chromaticity measurement and muscle carotenoid concentration. 
Pearson correlation coefficients were calculated for the chromaticity measurement made 
at each region (mean of four orientations) tested against photometrically detennined total 
carotenoid and HPLC determined individual carotenoid concentrations. The coefficients 
of correlation for the chromaticity values within and between colour scales and with 
carotenoid concentrations are shown in Tables8c.to Table 8k. Colorimetric 
measurements against HPLC determined muscle carotenoid concentrations showed high 
positive correlation at the dorsal and caudal regions of astaxanthin, canthaxanthin and 
total carotenoid concentrations with redness and yellowness values (hue) for Hunter and 
CIE-(1976) colour systems. These correlations were evident for the fish fed astaxanthin, 
canthaxanthin and a mixture of the pigments ... Visceral flap Hunter ab and CIE-(l976) 
a *b * readings were not correlated to astaxanthin, canthaxanthin or total carotenoid 
concentrations of the fillets. Tristimulus x, y and z values did not correlate well with 
carotenoid concentrations for any sample site or dietary carotenoid group. In fact 
tristimulus y values (redness) showed a low negative correlation to individual and total 
carotenoid concentrations for all groups analysed. Further analysis of these relationships 
was carried out to detennine the effectiveness of colorimetry as a tool for the prediction 
of flesh carotenoid concentration and are described in sections 8.4.1, 8.4.2 and 8.4.3 for 
dorsal, caudal and visceral flap sites respectively. 
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Table 8c. 
Canthaxanthin Fed Fish, Dorsal Region 
Coefficients of correlation for colorimetric values (means of four orientations) withi':l and between colour scales and with carotenoid concentrations ([Canth] = Canthaxanthin 
concentration (Ilg/g), [Total] = Total carotenoid concentration (Ilg/g)) 
Carotenoid Tristimulus Hunter CIE-(1976) 
Concentration 
[Canth] [Total] L· b L* * b* x y z a a 
[Canth] 1.0000 
[Total] 0.9820 1.0000 
x -0.0371 -0.0072 1.0000 
Y -0.2449 -0.2095 0.9489 1.0000 
z -0.5310 -0.5060 0.7335 0.8863 1.0000 
L -0.2390 -0.2055 0.9508 0.9979 0.8804 1.0000 
a 0.8260 0.8295 0.0219 -0.2412 -0.6099 -0.2370 1.0000 
b 0.5840 0.6062 0.4976 0.2864 -0.1805 0.2954 0.7658 1.0000 
L* 
-0.2383 -0.2053 0.9503 0.9964 0.8783 0.9998 -0.2371 0.2969 1.0000 
* 0.8261 0.8270 -0.0592 -0.3192 -0.6687 -0.3161 0.9963 0.7224 -0.3164 1.0000 a 
b* 0.6675 0.6769 0.2216 -0.0091 -0.4551 -0.0005 0.8560 0.9448 0.0011 0.8355 1.0000 
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Canthaxanthin Fed Fish. Caudal Region 
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Coefficients of correlation for colorimetric values (means of four orientations) within and between colour scales and with carotenoid concentrations ([Canth] = Canthaxanthin 
concentration (Ilg/g). [Total] = Total carotenoid concentration (Ilg/g)) 
Carotenoid Tristimulus Hunter CIE-(1976) 
Concentration 
[Canth] [Total] L b L* * b* x y z a a 
[Canth] 1.0000 
[Total] 0.9819 1.0000 
x -0.0546 -0.0205 1.0000 
Y -0.2319 -0.1959 0.9626 1.0000 
z -0.4636 -0.4321 0.8002 0.9168 1.0000 
L -0.2229 -0.1866 0.9638 0.9976 0.9094 1.0000 
a 0.8470 0.8410 -0.0654 -0.2948 -0.6025 -0.2859 1.0000 
b 0.5683 0.5757 0.4210 02330 -0.1717 0.2462 0.7454 1.0000 
L* 
-0.2209 -0.1845 0.9635 0.9963 0.9065 0.9998 -0.2845 0.2497 1.0000 
* 0.8414 0.8325 -0.1412 -0.3664 -0.6581 -0.3588 0.9967 0.7054 -0.3577 1.0000 a 
b* 0.6518 0.6479 0.1270 -0.0726 -0.4595 -0.0609 0.8495 0.9494 -0.0575 0.8318 1.0000 
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Table 8e. 
Canthaxanthin Fed Fish, Visceral Flap 
Coefficients of correlation for colorimetric values (means of four orientations) within and between colour scales and with carotenoid concentrations ([Canth] = Canthaxanthin 
concentration (Ilg/g). [Total] = Total carotenoid concentration (Ilg/g)) 
Carotenoid Tristimulus Hunter CIE-(1976) 
Concentration 
[Canth] [Total] L b L* * b* x y z a a 
[Canth] 1.0000 
[Total] 0.9695 1.0000 
x -0.1234 -0.0915 1.0000 
Y -0.2334 -0.2028 0.9797 1.0000 
z -0.2807 -0.2561 0.8341 0.9013 1.0000 
L -0.2210 -0.1933 0.9774 0.9969 0.8975 1.0000 
a 0.5739 0.5758 -0.0197 -0.2167 -0.4229 -0.2091 1.0000 
b 0.1264 0.1316 0.2256 0.1206 -0.3165 0.1278 0.4918 1.0000 
L* 
-0.2210 -0.1935 0.9774 0.9963 0.8956 0.9999 -0.2075 0.1304 1.0000 
* 0.5820 0.5816 -0.1152 -0.3089 -0.5001 -0.3021 0.9952 0.4668 -0.3007 1.0000 a 
b* 0.1767 0.1763 0.0281 -0.0803 -0.4984 -0.0739 0.5342 0.9788 -0.0715 0.5280 1.0000 
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Table 8f. 
Astaxanthin Fed Fish, Dorsal Region 
Coefficients of correlation for colorimetric values (means of four orientations) within and between colour scales and with carotenoid concentrations ([Astax] = Astaxanthin 
concentration (p.g/g), [Total] = Total carotenoid concentration (p.g/g)) 
Carotenoid Tristimulus Hunter CIE-(1976) 
Concentration 
[Astax] [Total] L b L* * b* x y z a a 
[Astax] 1.0000 
[Total] 0.9848 1.0000 
x -0.1942 -0.1669 1.0000 
Y -0.4295 -0.4051 0.9414 1.0000 
z -0.6661 -0.6500 0.7171 0.8930 1.0000 
L -0.4288 -0.4018 0.9428 0.9975 0.8898 1.0000 
a 0.8201 0.8253 -0.0941 -0.3901 -0.7340 -0.3882 1.0000 
b 0.5766 0.5926 0.4162 0.1515 -0.3065 0.1550 0.7855 1.0000 
L* 
-0.4291 -0.4017 0.9426 0.9961 0.8877 0.9998 -0.3868 0.1565 1.0000 
* 0.8244 0.8272 -0.1698 -0.4586 -0.7817 -0.4580 0.9967 0.7456 -0.4570 1.0000 a 
b* 0.7270 0.7312 0.1200 -0.1588 -0.5794 -0.1568 0.8999 0.9479 -0.1557 0.8818 1.0000 
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Table 8g. 
Astaxanthin Fed Fish, Caudal Region 
Coefficients of correlation for colorimetric values (means of four orientations) within and between colour scales and with carotenoid concentrations ([Astax] = Astaxanthin 
concentration (p.g/g), [Total] = Total carotenoid concentration (Ilg/g)) 
Carotenoid Tristimulus Hunter CIE-(1976) 
, Concentration 
[As tax] [Total] x y z L b L* * b* a a 
[Astax] 1.0000 
[Total] 0.9847 1.0000 
x -0.1486 -0.1115 1.0000 
Y -0.3402 -0.3037 0.9575 1.0000 
z -0.5107 -0.4812 0.8029 0.9285 1.0000 
L -0.3430 -0.3034 0.9570 0.9979 0.9208 1.0000 
a 0.778~ 0.7828 -0.0135 -0.2752 -0.5533 -0.2719 1.0000 
b 0.4487 0.4690 0.4523 0.2359 -0.1398 0.2493 0.7255 1.0000 
L* 
-0.3439 -0.3049 0.9560 0.9968 0.9183 0.9998 -0.2719 0.2524 1.0000 
* 0.7870 0.7882 -0.0923 -0.3500 -0.6144 -0.3477 0.9965 0.6865 -0.3478 1.0000 a 
b* 0.5948 0.6009 0.1343 -0.1013 -0.4580 -0.0905 0.8393 0.9393 -0.0879 0.8260 1.0000 
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Table8h. 
Astaxanthin Fed Fish, Visceral Flap 
Coefficients of correlation for colorimetric values (means of four orientations) within and between colour scales and with carotenoid concentrations ([As tax] = Astaxanthin 
concentration (p.g/g), [Total] = Total carotenoid concentration (/lg/g)) 
Carotenoid Tristimulus Hunter CIE-(1976) 
Concentration 
[Astax] [Total] L b L* * b* x y z a a 
[Astax] 1.0000 
[Total] 0.9843 1.0000 
x -0.3219 -0.3191 1.0000 
Y -0.5208 -0.5232 0.8795 1.0000 
z -0.5407 -0.5550 0.8013 0.9504 1.0000 
L -0.5320 -0.5353 0.8885 0.9953 0.9498 1.0000 
" 
a 0.6927 0.6971 -0.2885 -0.5092 -0.6027 -0.5121 1.0000 
b 0.1068 0.1425 0.1646 0.0337 -0.2686 0.0411 0.3572 1.0000 
L* 
-0.5347 -0.5383 0.8881 0.9947 0.9490 0.9999 -0.5113 0.0419 1.0000 
* 0.7078 0.7129 -0.3625 -0.5816 -0.6647 -0.5850 0.9960 0.3320 -0.5845 1.0000 a 
b* 0.2576 0.2931 -0.1076 -0.2624 -0.5395 -0.2578 0.4922 0.9524 -0.2573 0.4903 1.0000 
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Table 8i. 
Mixture Fed Fish, Dorsal Region 
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Coefficients of correlation for colorimetric values (means of four orientations) within and between colour scales and with carotenoid concentrations ([Canth] = Canthaxanthin 
concentration (Ilg/g), [Astax] = Astaxanthin concentration (Ilg/g), [Total] = Total carotenoid concentration (Ilg/g)) 
Carotenoid Tristimulus Hunter CIE-(1976) 
Concentration 
[Canth] [Astax] [Total] L b L* * b* x y z a a 
[Canth] 1.0000 
[Astax] 0.8452 1.0000 
[Total] 0.8966 0.9796 1.0000 
x -0.3698 -0.3943 -0.3769 1.0000 
Y -0.5496 -0.5830 -0.5766 0.9219 1.0000 
z -0.7181 -0.7823 -0.7890 0.7022 0.8992 1.0000 
L -0.5430 -0.5751 -0.5705 0.9317 0.9971 0.8882 1.0000 
a 0.7651 0.8887 0.9003 -0.3925 -0.6538 -0.9013 -0.6400 1.0000 
b 0.5536 0.6414 0.6735 0.2375 -0.0489 -0.4773 -0.0310 0.7593 1.0000 
L* 
-0.5418 -0.5744 -0.5706 0.9333 0.9954 0.8847 0.9998 -0.6377 -0.0278 1.0000 
* 0.7696 0.8861 0.8981 -0.4372 -0.6898 -0.9198 -0.6779 0.9985 0.7295 -0.6759 1.0000 a 
b* 0.6820 0.7886 0.8182 -0.0286 -0.3121 -0.6873 -0.2984 0.8996 0.9593 -0.2964 0.8812 1.0000 
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Table 8j. 
Mixture Fed Fish. Caudal Region 
Coefficients of correlation for colorimetric values (means of four orientations) within and between colour scales and with carotenoid concentrations ([Canth] = Canthaxanthin ' 
concentration (Ilg/g). [Astax] = Astaxanthin concentration (Ilg/g). [Total] = Total carotenoid concentration (Ilg/g)) 
Carotenoid Tristimulus Hunter CIE-(1976) 
Concentration 
[Canth] [Astax] [Total] L b L* * b* x y z a a 
[Canth] 1.0000 
[As tax] 0.8452 1.0000 
[Total] 0.8966 0.9796 1.0000 
x -0.2618 -0.3171 -0.3009 1.0000 
Y -0.4364 -0.5076 -0.4992 0.9477 1.0000 
z -0.5844 -0.6862 -0.6841 0.7625 0.9167 1.0000 
L -0.4350 -0.4991 -0.4936 0.9553 0.9969 0.9009 1.0000 
a 0.7268 0.8671 0.8746 -0.3911 -0.6265 -0.8530 -0.6108 1.0000 
b 0.4650 0.5913 0.5982 0.2661 0.0022 -0.3948 0.0307 0.7166 1.0000 
L* 
-0.4323 -0.4970 -0.4921 0.9590 0.9949 0.8959 0.9997 -0.6071 0.0372 1.0000 
* 0.7268 0.8635 0.8708 -0.4401 -0.6670 -0.8760 -0.6537 0.9982 0.6815 -0.6506 1.0000 a 
b* 0.5784 0.7402 0.7416 -0.0081 -0.2713 -0.6247 -0.2479 0.8703 0.9568 -0.2428 0.8485 1.0000 
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Table 8k. 
Mixture Fed Fish. Visceral Flap 
Coefficients of correlation for colorimetric values (means of four orientations) within and between colour scales and with carotenoid concentrations ([Canth] = Canthaxanthin 
concentration (Ilg/g). [Astax] = Astaxanthin concentration (Ilg/g). [Total] = Total carotenoid concentration (Ilg/g» 
Carotenoid Tristimulus Hunter CIE-(1976) 
Concentration 
[Canth] [Astax] [Total] x y z L b L* * b* a a 
[Canth] 1.0000 
[Astax] 0.6776 1.0000 
[Total] 0.7752 0.9593 1.0000 
x 0.3837 -0.0019 0.0087 1.0000 
Y 0.0718 0.1103 0.0098 0.3922 1.0000 
z 0.1966 0.0186 -0.0267 0.4815 0.8620 1.0000 
L 0.0663 0.1014 0.0056 0.3889 0.9987 0.8657 1.0000 
a 0.2965 0.7444 0.7244 -0.4043 -0.2462 -0.3930 -0.2520 1.0000 
b -0.2292 0.1774 0.0839 -0.2075 0.1392 -0.3813 0.1295 0.3247 1.0000 
L* 0.0631 0.0987 0.0030 0.3884 0.9985 0.8651 1.0000 -0.2532 0.1301 1.0000 
* 0.2935 0.7258 0.7135 -0.4162 -0.3045 -0.4391 -0.3103 0.9981 0.3088 -0.3116 1.0000 a 
b* 
-0.2196 0.1722 0.0960 -0.2702 -0.0373 -0.5370 -0.0481 0.3750 0.9835 -0.0476 0.3695 1.0000 
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8.3.3 General observations. 
It was noted that the sum of the elementary colour values within each 
colorimetric scale was not equal to the optimum value 100 as discussed in section 8.1. 
These results are summarised in Graph 8.3.3.a, Graph 8.3.3.b and Graph 8.3.3.c. The 
results suggest a factor such as translucence of the fillets (not accounted for in 
colorimetric evaluations) may have a significant effect on chromaticity. Summation 
values between all colour scales tested were highly significantly different (p<0.01) for the 
dorsal and caudal regions. No significant difference was observed for visceral flap 
readings. 
" * * * It was observed for all three sample sites that the sum of CIE-(l976) Lab 
values were closer to ideality (100) than the sums of Hunter Lab or Tristimulus xyz. 
The strong positive relationship of a * b * or ab values with carotenoid 
concentration combined with a weak negative relationship of L * or L is shown in Tables 
8c to 8k. Combination of these relationships by summation of L * a * b * or Lab led to a 
slight increase in their combined numeric value with carotenoid concentration. 
It would appear from the data presented in Graphs 8.3.3.a to 8.3.3.c that the sum 
of CIE-(1976) L * a * b * values best represents the ideal colorimetric assumption of w + s + 
y + r + b + g = 100 (section 8.1). Hunter Lab and Tristimulus xyz values appeared to be 
influenced to a larger extent by the inherent characteristics of the salmon flesh (e.g 
transluscence) and as such may not be the colorimetric scales of choisewhen biological 
samples are analysed. 
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Graph 8.3.3.a 
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Graph 8.3.3.b 
Sum of elementary colours against muscle 
carotenoid concentration (p,g/g) 
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Graph 8.3.3.c 
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8.4 Colorimetry of dorsal, caudal and visceral flap to predict muscle tiss.ue 
carotenoid concentration. 
804.1 Evaluation of direct colorimetry of the dorsal region for the prediction 
of astaxanthin, canthaxanthin and total carotenoid concentrations of 
, , salmon flesh. 
Chromaticity measurements made at the dorsal site which correlated well to 
carotenoid concentration (fable 8c., Table 8f. and Table 8i.) were analysed i.e. Hunter ab 
and CIE-( 1976) a * b * values were evaluated as predictors of the carotenoid concentration 
of the mlets. 
Graphs 8A.1.a to Graph 8A.1.f show the relationship between dorsal site Hunter 
ab and CIE-(1976) a *b * colour hue values with carotenoid concentration for fish 
pigmented with astaxanthin, canthaxanthin or a mixture of the two carotenoids. Multiple 
regression analyses are shown on the facing pages of the relevant graphs. 
Improvement in fl and decrease in residual sum of squares and Mallow CP:P 
ratio were observed when Hunter b and CIE-(1976) b * values were included into the 
predictor equations. This indicated that the increase in fillet colour associated with 
carotenoid pigmentation is due to effects on colour hue rather than simple increases of 
* redness (a and a values). 
A non-linear relationship between colour hue and carotenoid concentration was 
observed. Hunter ab and CIE-(1976) a *b * were analysed with the logarithms of fed 
carotenoid (astaxanthin or canthaxanthin) and the logarithms of total carotenoid 
concentrations. The logarithmic response of muscle pigment concentrations against 
chromaticity measurements is not in agreement with Skredeand Storebakken (1976) who 
reported a linear relationship between chromaticity measurement and muscle carotenoid, ' 
concentration but is in agreement with Christiansen et al., 1991. Skrede and Storebakken 
(1976) based their assessment of two groups of 8 fish with muscle total carotenoid 
concentrations of 1O.6±3.3pg/g and 8A± 1.6pg/g. As observed in graphs 8A.1.k and 
804.1.1 chromaticity measurement over a range of carotenoid concentrations is preferable 
for calculation of predictive estimates of carotenoid concentratipn. The present study 
determined the colorimetric response of a larger number of fish over a lower range of 
total carotenoid concentrations (ranging from OApg/g to 11.2pg/g). As demonstrated in 
. ->-~ . . ,.. 
-'-'-'-;-~:"-.-'-," ..... ---" .. -:-,-.. 
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Graphs 8.4.1.k and 8.4.1.1 non linearity was enhanced by the inclusion of chromaticity 
measurements from fish with low muscle carotenoid concentrations. Chromaticity values 
from fillets with relatively high carotenoid concentrations (Skrede and Storebakken, 
1976) may therefore be in agreement with the relationship presented in this chapter by 
fitting best fit curves as the logarithmic relationship approaches linearity. 
In the present study a stronger relationship was observed for total carotenoid 
concentrations as opposed to individual fed carotenoid concentrations. This may have 
been due to the influence of basal levels of "non-fed" carotenoids (e.g. basal astaxanthin 
for canthaxanthin fed fish and basal canthaxanthin for astaxanthin fed fish) which are 
included in total carotenoid determinations however are not accounted for when 
individual carotenoid analyses are carried out. At low carotenoid concentrations 
colorimetry detected the influence on colour hue of these basal carotenoids. As "fed" 
carotenoid concentrations increased in the muscle tissues the influence of low basal 
carotenoid concentrations on total colour hue would be expected to diminish. Graph 
8.4.1.k and Graph 8.4.1.1 clearly demonstrate the impact of low basal carotenoid 
concentrations on CIE-(1976) a * and b * regressions respectively when individual and 
total carotenoid concentrations are analysed for the dorsal region of canthaxanthin fed 
fish. 
It was interesting to note that analysis of mixture fed fish revealed an improved 
regression for the log of total carotenoid concentration (with Hunterab and CIE-(1976) 
a *b *) over the log of the sum of astaxanthin and canthaxanthin concentrations. It is 
difficult to relate this observation to the effect of basal carotenoid concentrations of 
individual pigment fed fish. Table 3b. summarises the total carotenoid composition of 
salmon muscle tissues. Low levels of a number of yellow carotenoids are typically 
observed which would tend to improve the relationship between total carotenoid 
concentration and hue, as opposed to red carotenoid concentration and hue. This was 
observed in that a greater improvement in Hunter band CIE-(1976) b * than 
corresponding a and a * values were evident when the log total carotenoid 
concentrations, rather than individual carotenoids, were regressed with colour hue. 
No significant differences in slope were observed between feed periods 
(carotenoid supplementation verses no carotenoid supplementation). This indicated the 
colour characteristics (hue) of the flesh did not alter during any of these periods. 
- ."- ->-~~ .' 
:-.... -.?_"_ .. _._~_.~ ,'1.-.-.'- .... ..i, 
..... "'~-": ~ .... --. ',' ~, 
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Therefore the actual colour of salmon flesh appears detennined by carotenoid 
concentration rather than rate of carotenoid- accumulation or depletion in the muscle. 
The dorsal sample site appeared to be a suitable area to make colorimetric 
readings for the estimation of total carotenoid or fed carotenoid (astaxanthin or 
canthaxanthin) concentrations in the muscle tissues. 
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Graph 8.4.1.a Astaxanthin concentration vs Hunter a and b values 
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All possible subset regression models for All possible subset regression models for 
Canthaxanthin concentration (Dorsal region) . Log Canthaxanthin concentration (Dorsal region). 
Unforced independent variables Unforced independent variables 
Hunter L Hunter L 
Hunter a Hunter a 
Hunter b Hunter b 
Adjusted Residual Adjusted Residual 
p CP r square r square SS P CP r square r square SS 
1 205.7 0 0 123.6 Intercept only 1 266 0 0 12.4 Intercept only 
2 t90.4 0.0473 0.0571 116.6 Hunter L 2 251 .2 0.0870 0.0964 11.2 Hunter L 
3 3.2 0.6776 0.6643 39.04 Hunter L * Hunter a 3 7.9 0.7330 0.7385 3.242 Hunter L • Hunter a 
4 4 0.6785 0.6884 38.53 Hunter L • Hunter a • Hunter b 4 4 0.7461 0.7539 3.05 Hunter L • Hunter a • Hunter b 
2 1.8 0.6790 0.6823 39 .28 Hunter a 2 10.7 0.7232 0.7260 3.396 Hunter a 
3 2.1 0.6814 0.6880 38.58 Hunter a· Hunter b 3 2.2 0.7482 0.7534 3.057 Hunter a· Hunter b 
2 104.8 0.3342 0.3411 81.47 Hunter b 2 174.1 0.2908 0.2981 8.7 Hunter b 
3 50.8 0.5167 0.5266 58.53 Hunter L • Hunter b 3 63 0.5323 0.5419 5.678 Hunter L • Hunter b 
All possible subset regression mOdels for All possible subset regression models for 
Total Carotenoid concentration (Dorsal region) . Log Total Carotenoid concentration (Dorsal region). 
Unforced independent variables Unforced independent variables 
Hunter L Hunter L 
Hunter a Hunter a 
Hunter b Hunter b 
Adjusted Residual Adjusted Residual 
p CP r square r square SS P CP r square r square SS 
1 208.9 0 0 219.2 Intercept only 1 335.7 0 0 6.454 Interce pt only 
2 198 0.0322 0.0422 210 Hunter L 2 311.1 0.0518 0.0616 6.056 Hunter L 
3 3.1 0.6816 0.6882 68.35 Hunter L • Hunter a 3 5.1 0.7704 0.7752 1.451 Hunter L • Hunter a 
4 4 0.6819 0.6917 67.58 Hunter L • Hunter a • Hunter b 4 4 0.7753 0.7822 1.405 Hunter L • Hunter a • Hunter b 
2 1.1 0.6849 0.6881 68.37 Hunter a 2 3.6 0.7711 0.7735 1.462 Hunter a 
3 2.5 0.6836 0.6902 67.92 Hunter a· Hunter b 3 2.6 0.7762 0.7808 1.415 Hunter a· Hunter b 
2 98.9 0.3609 0.3675 138.7 Hunter b 2 172.6 0.3761 0.3825 3.985 Hunter b 
3 51 .5 0.5196 0.5295 103.1 Hunter L • Hunter b 3 86.8 0.5771 0.5659 2.673 Hunter L • Hunter b 
Graph 8.4.1.bcanthaxanthin concentration vs Hunter a and b values 
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KEY TO AllIS : Ganth = Can\haxanlhin concentration !J,glg) , H_A = Hunter a. H_B = Hunter b 
Feed Period 1 (Pigment supplementation) ; Feed Penod 2 (No Pigment supplementation) ; Feed P9riod 3 (Pigment supplementation) 
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Graph 8.4.1 .C 
All possible subset regression models for 
Total Carotenoid concentration (Dorsal region). 
p 
1 
2 
3 
4 
2 
3 
2 
3 
Unforced independent variables 
Hunter L 
Hunter a 
Hunter b 
Adjusted Residual 
CP r s uara 55 
120.2 0 256.7 
73 .3 0.3030 0 .3255 173.1 
2.4 0.7976 0.8106 48.6 
4 0.7936 0.8136 47 .85 
0.4 0.8043 0.8106 48.61 
2 .4 0.7978 0.8108 48 .55 
54 .1 0.4354 0.4536 140.2 
10.6 0.7392 0.7560 62 .63 
Inlercept only 
Hunter L 
Hunter L • 
Hunter L • 
Hunter a 
Hunter a· 
Hunter b 
Hunler L • 
Hunter a 
Hunter a * Hunter b 
Hunter b 
Hunter b 
All possible subset regression models for 
Log Total Carotenoid concentration (Dorsal region) . 
Unforced independent variables 
Hunter L 
Hunter a 
Hunter b 
Adjusted Residual 
p CP r square r square 55 
1 210.1 0 0 4 .885 Intercept only 
2 104.3 0.4306 0.4489 2 .692 Hunter L 
3 2.2 0.8746 0 .8827 0 .5728 Hunter L • Hunter a 
4 4 0.8709 0.8834 0 .5696 Hunter L • Hunter a • Hunter b 
2 2.2 0.8698 0.8740 0 .6153 Hunter a 
3 2.9 0.8713 0 .8796 0 .5883 Hunter a· Hunter b 
2 107 0.4188 0 .4376 2 .747 Hunter b 
3 7.6 0.8502 0 .8599 0 .6844 Hunter L • Hunter b 
Graph 8.4.1.c Carotenoid concentration vs Hunter a and b values 
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All poSSible subset regression models tor "" possible subset regressIOn mode~ tor 
Astaxanthin concentration (Dorsal region). Log Astaxanthin concentration (OorsaJ region). 
Unforced independent variables Unforced independent variables 
CIE- (1976) L* CIE-(1976) L* 
CIE- (1976) .* CIE-(1976) .* 
CIE- (1976) b* CIE-(1976) b* 
Adjusted Residual Adjusted Residual 
p CP r square r square 55 P CP r square r square 55 
t 206.7 0 0 258.7 Intercept only 1 411 0 0 10.11 Intercept only 
2 1526 0.1758 0.1841 2tl CIE-(1976) L* 2 304.1 0.2059 0.2139 7.948 CIE- (1976) L * 
3 2.6 0.6765 0.6831 81.96 CIE-(t976) L* * CIE-(1976) 0* 3 12.5 0.7865 0.7908 2. 115 CIE- (1976) L * * CIE-(1976)o* 
4 4 0.675t 0.6849 81.50 CIE-(1976) L* * CIE-(t976)0* * CIE-(1976) b* 4 4 0.8055 0.8114 1.907 CIE- (1976) L * * CIE-(1976)o* * CIE-(1976) b* 
2 1.6 0.6763 0.6796 82.88 CIE-(1976) .* 2 12.6 0.7845 0.7867 2.157 CIE- (1976) 0* 
3 3.6 0.6730 0.6796 82.88 CIE-(1976) .* * CIE- (1976) b* 3 2.5 0.8064 0.8103 1.918 CIE-(1976) s* * CIE- (1976) b* 
2 47.6 0.5237 0.5286 122 CIE-(1976) b* 2 156.6 0.4966 0.5036 5.019 CIE- (1976) b* 
3 18.5 0.6232 0.6308 95.5 CIE-(1976) L* * CIE-(1976) b* 3 94 0.6230 0.sa:>6 3.735 CIE-(1976) L* * CIE- (1976) b* 
~I pos~ible suoset regression moaels lor All posslOle 5Ut>set regressIOn moaels lor 
Total Carotenoid concentration (DorsaJ region) . Log Total Carotenoid concentration (Dorsal region) . 
Unforced independent variables Unforced independent variables 
CIE-(1976) L* CIE- (1976) L* 
CIE- (I 976) .* CIE- (1976) .* 
CIE- (1976) b* CIE-(1976) b* 
Adjusted Residual Adjusted Residual 
P CP r square r sQuare 55 P CP r square r square 55 
I 207.3 0 0 331 .7 Intercept only I 393.5 0 0 6.87 Intercept only 
2 160 0.1528 0 .1614 278.2 CIE- (1976) L' 2 303.8 0.1783 0.1ass 5.587 CIE-(1976) L' 
3 2.2 0.6784 0 .6849 104.5 CIE- (1976) L' , CIE-(1976) 0' 3 9.5 0.7851 0.7895 1.446 CIE- (1976) L' * CIE-(1976).' 
4 4 0.6757 0.6855 104.3 CIE-(1976) L' , CIE-(1976).' * CIE-(1976) b' 4 4 0.7966 0.8047 1.342 CIE-(1976) L' * CIE-(1976).' , CIE-(1976) b' 
2 0.4 0.6810 0.6842 104.7 CIE-(1976) .' 2 7.9 0.7B64 0.7886 1.452 CIE-(1976) 0' 
3 2.4 0.6m 0.6842 104.7 CIE-(1976) .' * CIE- (1976) b* 3 3.2 0.7962 0.8023 1.358 CIE-(1976) s*' CIE- (1976) b* 
2 46 0.53JO 0.5347 154.3 CIE-(1976) b' 2 135.1 0.5250 0.5298 3.23 CIE-(1976) b' 
3 22.1 0.6118 0.6196 126.2 CIE-(1976) L' * CIE-(1976) b' 3 85.9 0.6264 0.6339 2.515 CIE-(1976) L' • CIE- (1976) b' 
Graph 8.4.1.d Astaxanthin concentration vs CIE - (1976) a* and b* values 
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KEY TO AXIS : Asta = Astaxanthin concentration lug/g). C_A = CIE- (1976) 8', C_B = CIE - (1976) b' 
Feed Penod 1 (Pigment supplementation) , Feed Pertod 2 (No Pigment supplementation) ; Feed Period 3 (Pigment supplementation) 
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All possible SU,bset regression m~_eIS for 
Canthaxanthin concentration (Dorsal region). 
~I poSSible subset regression models lor 
Log Canthaxanthin concentration (Dorsal region). 
Unforced independent variables Unforced independent variables 
CIE-(1976) L' CIE- (1976) L' 
CIE- (1976) 0' CIE-(1976) 0' , 
CIE- (1976) b' CIE-(1976) b' 
Adjusted Residual !\djusled Residual 
P CP r square r square 55 P CP r SQuare r square SS 
1 204.2 0 0 123.6 Intercept only 1 289.5 0 0 12.4 Intercept only 
2 189.1 0.0469 0 .0568 116.6 CIE- (1976)L' 2 254.7 0.0860 0.0954 11.21 CIE- (1976) L' 
3 3.2 0.6763 0 .6830 39.2 CIE- (1976) L' , CIE- (1976) 0' 3 9 .9 0.7300 0.7356 3.278 CIE- (1976) L' , CIE- (1976) 0' 
4 4 0.6768 0 .6868 38.72 CIE- (1976) L' , CIE- (1976) 0' , CIE- (1976) b' 4 4 0.7484 0.7562 3.022 CIE-(1976) L' , CIE- (1976) 0' , CIE- (1976) b' 
2 1.3 0.6791 0 .6824 39.27 CIE- (1976) 0' 2 8.5 0.7312 0.7340 3.297 CIE-(1976) 0' 
J ~ 2.8 0 .6774 0 .6841 39.06 CIE-(1976) 0" CIE-(1976) b' 3 2.6 0.7495 0 .7547 3.041 CIE-(1976) 0" CIE- (1976) b' 72.4 0.4398 0 .4456 68.56 CIE- (1976) b' 2 135.2 0.3993 0.4055 7.369 CIE- (1976) b' 57.3 0.4922 0 .5027 61 .49 CIE-(1976) L' , CIE- (1976) b' 3 100.2 0.4908 0.5013 6.181 CIE-(1976) L' , CIE- (1976) b' 
~I pos~ible suoset regression mooelS Tor All poSSible SUbset regression mooelS lor 
TotaJ Carotenoid concentration (Dorsal region). log Total Carotenoid concentration (Dorsal region). 
Unforced independent variables Unforced indeperdent variables 
CIE- (1976) L' CIE-(1976) L' 
CIE- (1976) 0' CIE- (1976) 0' 
CIE- (1976) b' CIE- (1976) b' 
Adjusted Residual Adjusted Residual 
P CP r sQuare r square 55 P CP r~!Jare r ~uare 55 
1 208.9 0 0 219.2 Intercept only 1 342 0 0 6.454 Intercept only 
2 198 0.0322 0.0422 210 CIE-(1976) L' 2 317.2 0.0514 0 .0612 6.059 CIE- (1976) L' 
3 3.3 0.6009 0 .6875 68.5 CIE- (1976) L' , CIE- (1976) 0' 3 6.8 0.7696 0 .7743 1.456 CIE- (1976) L' , CIE-(1976) 0' 
4 4 0.6819 0 .6917 67.56 CIE- (1976) L' , CIE- (1976) 0' , CIE- (1976) b' 4 4 0 .7785 0 .7854 1.385 CIE-(1976) L' , CIE-(1976) 0' , CIE- (1976) b' 
2 2.4 0.6007 0 .6840 69.2B CIE-(1976) 0' 2 5.3 0.7709 0.7733 1.463 CIE-(1976) 0' 
3 4.2 0.6780 0 .6846 69.14 CIE- (1976) 0" CIE- (1976) b' 3 4.9 0.7741 0.7788 1.42B CIE-(1976) 0" CIE-(1976) b' 
2 71 .2 0.4526 0 .4562 118.8 CIE- (1976) b' 2 133 0.4763 0.4817 3.345 CIE-(1976) b' 
3 60.2 0.4902 0 .5007 109.5 CIE- (1976) L' , CIE- (1976) b' 3 108 0.5337 0.5434 2.947 CIE- (1976) L' , CIE- (1976) b' 
Graph 8.4.1.e Canthaxanthin concentration vs CIE-(1976) a* and b* values 
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KEY TO AXI~ : Canth = Canthaxanthin concentration !i<g!g), C _A = CIE - (1976) 8', C _ B = CIE - (1976) b' 
Feed Period 1 (Pigment supplementaVon) : Feed Period 2 (No Pigment supplementallOn) : Feed P9riod 3 (Pigment supplementation) 
] 7 _ ..., J. 
3 .J. _ "I e 
26.!>9 
C _ B 
22.00 
IV 
o 
00 
..... ro r r v . .,. . r . 1 
POSSI e su set regression m e s or POSSI e su set regression m e s or 
Total carotenoid concentration (Dorsal region). Log Total carotenoid concentration (Dorsal region). 
Unforced independent variables Unforced independent variables 
CIE- (1976) L' CIE- (1976) L' 
CIE- (1976) .' CIE- (1976) .' 
CIE- (1976) b' CIE- (1976) b' 
Adjusted Residual Adjusted Residual 
p CP r square r square SS P CP r square r square SS 
1 117.2 0 0 256.70 Intercept only 1 206.4 0 0 4.89 Intercept only 
2 71 .3 0.3031 0 .3255 173.10 CIE-(1976) L* 2 103.8 0.4239 0.4425 2.72 CIE- (1976) L' 
3 2.1 0.7958 0.8000 49.03 CIE-(1976) L* , CIE-(1976).* 3 2.2 0.8726 0.BaJ8 0.58 CIE-(1976) L' , CIE-(1976).* 
4 4 0.7894 0.8098 48.83 CIE-(1976) L* , CIE-(1976).* , CIE- (1976) b* 4 4 0.8689 0.8816 0.58 CIE- (1976) L' , CIE-(1976).* , CIE-(1976) b* 
2 0.5 0.8001 0.8065 49.66 CIE-(1976) .' 2 0.6 0.8750 0.8790 0.59 CIE- (1976) .* 
3 2 0.7966 0.8097 48.83 CIE-(1976) ." CIE-(1976) b' 3 2 0.8734 0.8816 0.58 CIE-(1976) ." CIE-(1976) b' 
2 20.6 0 .6584 0.6895 84.84 CIE- (1976) b* 2 56.3 0.6317 0 .6436 1.74 CIE-(1976) b* 
3 5.3 0.7728 0.7874 54.56 CIE- (1976) L* , CIE-(1976) b* 3 10.9 0.8331 0.8438 0.76 CIE-(1976) L* , CIE-(1976) b' 
Graph 8.4.1.f Carotenoid concentration vs CIE-(1976) a* and b* values 
Mixture fed fish (DT7l , Dorsal sample site 
Data points are mean values of four orientations for individual fish 
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KEY TO AXIS : Pigmenl = Total Carotenoid oonoentration (,.g1g) , C_A = CIE-(197S) s*, C_B = CIE-(1976) b* 
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Graph 8.4.1.1 
Log total carotenoid concentration vs 
CIE-(1976) a* and h* values 
CIE-(1976) a*b* values 
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8.4.2 _. Evaluation of directcolorimetty of the caudal region for the 
:_·_·_· .. >~2n".·"·~,·~ prediction of astaxanthin, canthaxanthinand total carotenoid 
concentrations of salmon flesh. 
212 
Chromaticity measurements which correlated well to carotenoid concentration 
(Table 8d., Table 8g. andTable8j.) were analysed. Numerically there were no significant 
differences between CIE-(1976)a *b * or Hunter ab values between the dorsal and caudal 
sample sites relative to carotenoid concentration. 
Graphs 8.4.2.a to Graph 8.4.2.f show the relationship between caudal Hunter 
Lab and CIE-(1976) L * a * b * colour hue values with carotenoid concentration for fish 
pigmented with astaxanthin, canthaxanthin or a mixture of the two carotenoids. In 
agreement with data from the dorsal region a logarithmic relationships between 
carotenoid concentrations and colour hue (as Hunter ab or CIE-(1976) a *b *) were found 
for all dietary groups. 
Some hue differences between dorsal and caudal were observed on an individual 
fish basis toward the completion of the experiment due to non-uniformity of fillet colour 
described in chapter 7. Variability in visual colour observations due to differential 
carotenoid concentration at the caudal site and the smaller size of this region suggest the 
dorsal site is more suitable for colorimetric determination of fillet colour as a quality 
assurance tool. 
Graph 8.4.2.a Astaxanthin concentration vs Hunter a and b values 

Astaxanthin fed fish (OT2, OT4, OT6) , Caudal sample site 

Data points are mean values of four orientations for individual fish 
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KEY TO AXIS : AsIa = Astaxanttlin concentration ~~g/g) , H_A = Hunter a, H_B = Hunter b 

Feed Peflod 1 (Pigment slipplementation; Fef'd Pefl'od ? (No Pigment supplementa llOn) : Feed Period 3 (Pigment supplementation) 
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Graoh 8.4.2.b 
All possible subset regression models for 
Canthaxanthin concentration (Caudal region). 
All possible subset regression models for 
Log Canthaxanthin concentration (Caudal region). 
Unforced independent variables 
Hunter L 
Hunter a 
Hunter b 
Unforced independent variables 
Hunter L 
Hunter a 
Hunter b 
!;l~~uarJ~~j~~=~ 1Re~~ual I 
7-2691 -----~ 0123.4. Intercept only 2 252.9! 0.03981 0.0497 117.2 Hunter L 
3 11 0.7119 0.7179 34.81 HunterL * Huntera 
4 41 0.7343 0.7425 31.77 HunterL * Huntera * 
2 91if5 0.7174 34.86 Hunter a 3 7.9 0.7206 0.7264 33.75 Hunter a * Hunter b 2 153.1 0.3159 0.3230 83.521 Hunter b 
3 104 0.4518 0.4631 66.24 Hunter L * Hunter b 
----­ --­ --­--~~-
Hunter b 
I 
P' 
1 
2 
3 
4 
2 
3 
2 
3 
CP 
300.4 
268.4 
7.3 
4 
6.2 
3 
174.5 
97.4 
r square 
0 
0.0764 
0.7443 
0.7553 
0.7447 
0.7554 
0.3156 
0.5121 
------~ 
Adjusted Residual 
rsquare ss 
0 12.36 
0.086 11.3 
0.7496 3.096 
0.7629 2.931 
0.7473 3.124 
0.7604 2.962 
0.3226 8.374 
0.5222 5.907 
-----­
---­ --­
----­
Intercept only 
Hunter L 
Hunter L * Hunter a 
Hunter L * Hunter a * 
Hunter a 
Hunter a * Hunter b 
Hunter b 
Hunter L * Hunter b 
Hunter b 
All possible subset regression models for All possible subset regression models for 
Total Carotenoid concentration (Caudal region). Log Total Carotenoid concentration (Caudal region). 
Unforced independent variables Unforced independent variables 
Hunter L Hunter L 
Hunter a Hunter a 
Hunter b Hunter b 
,- ! Adjusted Residual[J~p log"..e I~~~=~ Re~ual r square SS~I CP--=- r~guaren _ 
1 1 1 264.1 i 0 0 219.2 Intercept only Intercept only 1 375.5 0 0 6.454 
Hunter L I 21 253.6 0.0248' 0.0348 211.6 Hunter L 2 351.4 0.0456 0.0555 6.096 
! 3, 12.3 0.7044 0.7105 63.46 Hunter L * Hunter a 0.7853 1.386 Hunter L * Hunter a 3 9.2 0.7808 
Hunter L * Hunter a * Hunter b Hunter b 0.7943 0.8007 1.2874 4I 41~i 4 07307 07390 57.21 Humer L' Humer a •2 11.4 0.7043 0.7073 64.15 Hunter a 7.4 0.7827 0.7850 1.388 Hunter a 2 
. 3 11.3 0.7072 0.7133 62.86 Huntera* Hunterb 0.78586.9 0.7903 1.354 Hunter a * Hunter b 
2 146.8 0.3245 0.3314 46.6 Hunter b 201 0.368 0.3745 4.037 Hunter b 
13 107:5 0.4345 0.4462 121.1 Hunter L * Hunter b 128.1 0.5234 0.5333 3.012 Hunter L * Hunter b I ~ 
Graph 8.4.2.c Carotenoid concentration vs Hunter a and b values 
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KEY TO AXtS : Pigment = Total carotenoid concentration ()Lg/g) , H_A = Hunter a. H_B = Hunter b 
Feed Period 1 (Pigment supplementation) , Feed Panod 2 (No PIgment supplementatIOn) ; Feed Period 3 (Pigment supplementation) 
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Graph 8.4.2.c 
All possible subseT regression models lor 
Total Carotenoid concentration (Caudal region). 
p 
1 
2 
3 
4 
2 
3 
2 
3 
Unforced independent variables 
Hunter L 
Hunter a 
Hunter b 
Adjusted Residual 
CP r square r square SS 
105.2 0 0 256.7 
74 .2 0 .2184 0 .2436 194.1 
5.4 0 .7515 0 .7675 59 .66 
4 0 .7707 0 .7929 53.16 
3 .8 0 .7571 0 .7649 60 .34 
5 .6 0.7505 0 .7666 59 .91 
58.8 0.3365 0 .3579 164.8 
25 .3 0.5941 0.6202 97.47 
Intercept only 
Hunter L 
Hunter L • 
Hunter L • 
Hunter a 
Hunter a' 
Hunter b 
Hunter L • 
Hunter a 
Hunter a • 
Hunter b 
Hunter b 
All possible subset regression models for 
Log Total Carotenoid concentration (Caudal region). 
Unforced independent variables 
Hunter L 
Hunter a 
Hunter b 
Adjusted Residual 
p CP r square r square SS 
1 173.2 0 0 4.885 Intercept only 
2 103.6 0 .3306 0.3521 3 .164 Hunter L 
3 2.6 0.8494 0 .8591 0 .6884 Hunter L • Hunter a 
Hunter b 4 4 0 .8474 0.8622 0 .6731 Hunter L • Hunter a • Hunter b 
2 0 .9 0.8531 0.8578 0 .6944 Hunter a 
3 22 0.8518 0.8614 0 .6772 Hunter a * Hunter b 
2 96 .5 0.3669 0.3873 2 .993 Hunter b 
3 22.2 0.7465 0 .7629 1.158 Hunter L * Hunter b 
Graph 8.4.2.b Canthaxanthin concentration vs Hunter a and b values 
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KEY TO AXIS: Ganth = Canlhaxanthin concentration ().;g/g) , H_A = Hunter a. H_B = Hunter b 
Feed Period 1 (Pigment supplementation) . Feed Period 2 (No Pigment supplementation) : Feed Period 3 (Pigment supplementation) 
I a . 0 I 
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All possible subset regression models for All possible subset regression models for 
Astaxanthin concentration (Caudal region). log Astaxanthin concentration (Caudal region). 
Unforced independent variables Unforced independent variables 
CIE-(1976) L * CIE-(1976) L* 
CIE - (1976) .* CIE-(1976) .* 
CIE - (1976) b* CIE-(1976) b* 
Adjusted Residual Adjusted Residual 
p CP r square r square Ss P CP r square r square SS 
1 167 0 0 259.4 Intercept only 1 386 0 0 10.15 Intercept only 
2 137.3 0.1096 0.1183 228.7 CIE-(1976) L" 2 318.6 0 .1340 0.1424 8 .705 CIE-(1976) L" 
3 3.5 0.6174 0.6249 97.28 CIE-(1976) L" * CIE-(1976) 0" 3 9 .3 0 .7773 0 .7817 2.216 CIE-(197E* CIE-(1976) 0* 
4 4 0 .6194 0 .6306 95.81 CIE- (1976) L" * CIE-(1976)." * CIE-(1976) b" 4 4 0.7906 0 .7967 2.063 CIE-(197E* CIE - (197E* CIE-(197 
2 3 0 .6156 0 .6193 98.73 CIE-(1976) 0" 2 10.1 0 .7737 0 .7759 2.274 CIE-(1976) 0" 
3 2 .4 0 .6215 0 .6289 96.24 CIE-(1976) .* * CIE - (1976) b* 3 2.3 0 .7921 0 .7962 2.069 CIE - (197* CIE-(1976) b* 
2 74 .2 0 .3474 0 .3538 167.6 CIE-(1976) b" 2 183.9 0 .4135 0 .4192 5 .896 CIE-(1976) b" 
3 53.2 0 .4283 0 .4395 145.4 CIE-(1976) L* * CIE-(1976) b" 3 135.4 0 .5132 0 .5228 4.845 CIE-(197E* CIE- (1976) b" 
All possible subset regression models for All possible subset regression models for 
Total Carotenoid concentration (CaudaJ region). Log Total Carotenoid concentration (Caudal region) . 
Unforced independent variables Unforced independent variables 
CIE - (1976) L* CIE-(1976) L* 
CIE-(1976) .* CIE-(1976) .* 
CIE - (1976) b* CIE-(1976) b* 
Adjusted Residual Adjusted Residual 
P CP r square r square SS P CP r square r square SS 
1 166 0 0 333 Intercept only 355.8 0 0 6.902 Intercept only 
2 143.2 0 .0840 0 .0930 302.1 CIE-(1976) L* 2 307.6 0 .1010 0 .1098 6 .144 CIE- (1976) L" 
3 3.8 0 .6148 0 .6224 125.8 CIE-(1976) L* * CIE-(1976) 0" 3 9 .5 0 .7621 0 .7668 1.61 CIE-(197E* CIE - (1976)." 
4 4 0 .6180 0 .6292 123.5 CIE-(1976) L* * CIE-(1976) 0" * CIE -(1976) b" 4 4 0 .7767 0 .7833 1.496 CIE-(197E* CIE - (197E* CIE-(197 
2 2.1 0 .6175 0 .6213 126.1 CIE - (1976) 0" 2 7.9 0 .7636 0 .7659 1.616 CIE- (1976) .-
3 2 0 .6218 0 .6292 123.5 CIE-(1976) a* * CIE - (1976) b* 3 2 .2 0 .7785 0 .7828 1.499 CIE-(197* CIE-(1976) b* 
2 71 .6 0 .3547 0 .3610 212.8 CIE- (1976) b* 2 165 0.4163 0.4221 3.989 CIE - (1976) b" 
3 56.5 0.4136 0 .4251 191 .5 CIE-(1976) L" * CIE-(1976) b" 3 132.4 0 .4879 0 .4979 3 .465 CIE-(197E* CIE-(1976) b* 
Graph 8.4.2.d Astaxanthin concentration vs CIE - (1976) a* and b* values 
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Astaxanthin fed fish (DT2, DT4, DT6) , Caudal sample site 
Data points are mean values of four orientations for individual fish 
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KEY TO AXIS: Asta = Aslaxanthin concentration (Jlg/g), C_A = CIE - (1976) s', C_B = CIE-(1976) b' 
Feed Period 1 (Pigment supplementation) , Feed Period 2 (No Pigment supplementation) ; Feed Period 3 (Pigment supplementation) 
'" 
0\ 
Graph 8.4 .2 . . . ., 
AU poSSible subset regression models for All poSSible subset regression models lor 
Canthaxanthin concentration (Caudal region) . log Canthaxanthin concentration (Caudal region). 
Unforced indeperdent variables Unforced independent variables 
CIE- (1976) L* CIE-(1976) L * 
CIE-(1976) s* CIE-(1976) .* 
CIE-(1976) b* CIE-(1976) b* 
Adjusted Residual Adi-Jsted Residual 
p CP r square r square SS P CP r square r square SS 
1 58.9 0 0 123.6 Intercept only 1 305.6 0 0 12.36 Intercept only 
2 55.7 0 .0233 0.0334 119.5 CIE-(1976) L" 2 273.5 0.0753 0.0848 11 .31 CIE-(1976) L" 
3 16.7 0.2835 0.2962 86.77 CIE-(1976) L" * CIE-(1976) s" 3 9.2 0.7427 0.7480 3.115 CIE-(1976) L" * CIE-(1976)s" 
4 4 0.3736 0.3930 75.05 CIE- (1976) L" * CIE- (1976) ." * CIE-(1976) b" 4 4 0.7585 0.7659 2.894 CIE- (1976) L" * CIE-(1976)s" * CIE- (1976) b" 
2 14.7 0.2907 0.2980 86.79 CIE- (1976) s" 2 7.3 0.7450 0.7477 3.12 CIE-(1976) s" 
3 5.7 0.3558 0.3691 78 CIE-(1976) s* * CIE-(1976) b* 3 4.5 0.7546 0.7597 2.971 CIE-(1976) .* * CIE-(1976) b* 
2 46.3 0.0843 0.0937 112.1 CIE-(1976) b" 2 133.5 0.4276 0.4335 7.004 CIE- (1976) b" 
3 44.1 0.1 (126 0.1211 108.7 CIE-(1976) L" " CIE- (1976) b" 3 109.6 0.4873 0.4979 6.207 CIE-(1976) L" " CIE- (1976) b" 
All possible subset regression ~odel~ for 
Tatat Carotenoid concentration (Caudal region). 
AU poSSible SUDset regressIOn mooel~ Tor 
Log Total Carotenoid concentration (Caudal region). 
Unforced indeperdent variables Unforced independent variables 
CIE- (1976) L" CIE- (1976) L* 
CIE- (1976) s" CIE-(1976) s" 
CIE- (1976) b" CIE-(1976) b" 
Adjusted Residual Adjusted Residual 
P CP r square r square SS P CP r square r SQuare SS 
1 254.2 0 0 219.2 Intercept only 1 378.6 0 0 6 .454 Intercept only 
2 244.2 0 .0240 0.0340 211 .7 CIE-(1976) L" 2 354.7 0 .0446 0.0545 6.1 (12 CIE- (1976) L" 
3 10.3 0 .7017 0.7078 64.05 CIE-(1976) L" " CIE- (1976) s" 3 10.4 0 .7797 0.7842 1.393 CIE- (1976) L" " CIE- (1976) s" 
4 4 0.7230 0.7315 58.85 CIE-(1976) L" * CIE- (1976) s" " CIE-(1976) b" 4 4 0 .7956 0.8019 1.278 CIE- (1976) L" " CIE- (1976) s" " CIE- (1976) b" 
2 13.5 0.6899 0.6931 67.27 CIE-(1976) s" 2 12 0 .7742 0.7765 1.442 CIE- (1976) s" 
3 13.2 0.6932 0 .6996 65.86 CIE-(1976) a"" CIE- (1976) b* 3 11 .2 0.7780 0.7825 1.403 CIE-(1976) ."" CIE-(1976) b" 
2 109.2 0.4138 0 .4198 127.2 CIE- (1976) b" 2 154.6 0.4707 0.4762 3.381 CIE- (1976) b" 
3 103.5 0.4298 0.4416 122.4 CIE-(1976) L" • CIE- (1976) b" 3 138.7 0.5Ol6 0.5138 3.138 CIE- (1976) L" " CIE- (1976) b" 
Graph 8.4.2.e Canthaxanthin concentration vs CIE - (1976) a* and b* values 
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Canthaxanlhin fed fish (OT1, OT3, OT5). Caudal sample site 
Data points are mean values of four orientations for individual fish 
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KEY TO AXIS: Canth = Canlhaxanlhin concentration (" gig) , C_A = CIE - (1976) s', C_B = CIE - ~976) b' 
Feed Period 1 (Pigment supplementation) Feed Period 2 (No Pigment supplementation) ; Feed Period 3 (Pigment supplementation) 
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POSSI e su set regression m e S or POSSI e su set regression m e S or 
TotaJ Carotenoid concentration (CaudaJ region) . log Total Carotenoid concentration (Caudal region). 
Unforced independent variables Unforced independent variables 
CIE-(1976) L* CIE-(1976) L* 
CIE-(1976) a* CIE-(1976) a* 
CIE-(1976) b* CIE- (1976) b* 
Adjusted Residual Adjusted Residual 
P CP r sQuare r SQuare SS P CP r square r square SS 
1 97.3 0 0 256.7 Intercept only 1 177.5 0 0 4.885 Intercept only 
2 68.5 0.2169 0.2421 194.5 CIE-(1976) L* 2 107.7 0.3240 0.3458 3.196 CIE-(1976) L' 
3 3.5 0.7519 0.7679 59.56 CIE-(1976) L' * CIE-(1976) o' 3 3 .5 0.8481 0.8579 0.6943 CIE-(1976) L' * CIE- (1976) o' 
4 4 0.7565 0.7001 56.45 CIE-(1976) L' • CIE-(1976) o' • CIE-(1976) b' 4 4 0.8506 0.8650 0.6592 CIE-(1976) L' * CIE-(1976) o' * CIE-(1976) b' 
2 2.8 0.7503 0.7583 62.03 CIE-(1976) o' 2 1.6 0.8528 0.8575 0.696 CIE- (1976) o' 
3 4.8 0.7417 0.7583 62.03 CIE-(1976) a' * CIE- (1976) b* 3 3.2 0.8494 0.8591 0.6884 CIE-(1976) a* * CIE-(1976) b* 
2 29.3 0.5350 0.5500 115.5 CIE-(1976) b* 2 58.1 0.5711 0.5850 2.027 CIE-(1976) b* 
3 18.1 0 .6295 0.6534 88.97 CIE-(1976) L' * CIE-(1976) b' 3 24.4 0.7402 0.7570 1.187 CIE- (1976) L' * CIE-(1976) b' 
Graph 8.4.2. f Carotenoid concentration vs CIE - (1976) a* and b* values 
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8.4.3 Colorimetric measurement of the Visceral Flap to predict fillet colour. 
Significant increases in L and L * chromaticity measurements were observed 
between the visceral flap region and dorsal or caudal sample sites. 
Hunter a and CIE-(1976) a * values correlated well with astaxanthin 
concentrations (fable 8e., Table 8h. and Table 8k~), however,poor correlation was 
observed for fish· fed·canthaxanthin for chromaticity measured at· the visceral region. 
The decrease in correlation of Hunter b and CIE-( 1976) b * values with 
carotenoid concentration was considered to be due to the variable influence of the yellow 
layer of peritoneal fat, connective tissue and rib structure associated with the visceral flap 
sampling site. This variability would be expected to be totally independent on carotenoid 
concentration. As a result colour hue regression analyses with carotenoid concentrations 
were poor. 
Graphs 8.4.3.a to Graph 8.4.3~f show the relationship between Hunter ab and 
CIE-(1976) a *b * values and carotenoid concentrations for fish fed astaxanthin, 
canthaxanthin or a mixture of the two carotenoids. Poor relationships for all chromaticity 
values determined make the potential use of the visceral flap as a colour predictor for 
entire fillets unlikely (Bird and Savage, 1990). 
Graph 8.4.3.a Astaxanthin concentration vs Hunter a and b values 
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KEY TO AXIS : AsIa = Aslaxanthin concentration (;Lg/g). H _ A = Hunler a. H _ B = Hunler b 
Feed Period 1 (Pigment supplementalion) : Feed Period 2 (No Pigment supplementaUon) : Feed Period 3 (Pigment supplementation) 
~ 
.99 
16 . .12 
]4. 7 4 
H _ B 
1.3 . 37 
IV 
IV 
o 
.- .. - ... -.-
All possible subset regression models for All possible subset regression models for 
Canthaxanthin concentration (Visceral Flap region). Log Canthaxanthin concentration (Visceral Flap region). 
Unforced independent variables Unforced independent variables 
Hunter L Hunter L 
Hunter a Hunter a 
Hunter b Hunter b 
Adjusted Residual Adjusted Residual 
p CP r square r square SS P CP r square r ~uare SS 
1 37.6 0 0 67 .84 Intercept only 1 44 0 0 2.504 Intercept only 
2 34.3 0 .0354 0 .0488 64.52 Hunter L 2 42 0 .0213 0 .0348 2.417 Hunter L 
3 4.7 0 .3212 0 .3401 44.77 Hunter L • Hunter a 3 3 .7 0 .3679 0 .3854 1.539 Hunter L • Hunter a 
4 4 0 .3371 0 .3647 43.1 Hunter L • Hunter a • Hunter b 4 4 0 .3739 0 .4000 1.503 Hunter L • Hunter a • Hunter b 
2 3.8 0 .3200 0 .3294 45.49 Hunter a 2 2.1 0 .3733 0 .3820 1.548 Hunter a 
3 2.4 0 .3432 0 .3615 43 .32 Hunter a· Hunter b 3 2.1 0 .3822 0 .3994 1.504 Hunter a· Hunter b 
2 37.9 0 .0021 0.0160 66 .75 Hunter b 2 41 .9 0 .0222 0.0358 2.415 Hunter b 
3 33.7 0 .0466 0 .0731 62 .87 Hunter L • Hunter b 3 38.7 0.0547 0 .0809 2.302 Hunter L • Hunter b 
All possible subset regression models for All possible subset regression models for 
Total Carotenoid concentration (Visceral Flap region). Log Total Carotenoid concentration (Visceral Flap region) . 
Unforced independent variables Unforced independent variables 
Hunter L Hunter L 
Hunter a Hunter a 
Hunter b Hunter b 
Adjusted Residual Adjusted Residual 
P CP r square r square SS P CP r ~uare r square SS 
37.3 0 0 121.1 Intercept only 42 .7 0 0 2.118 Intercept only 
2 35.2 0.0238 0 .0373 116.6 Hunter L 2 42 .2 0.0076 0 .0214 2.072 Hunter L 
3 4.8 0.3182 0 .3371 80.28 Hunter L • Hunter a 3 3 .7 0.3602 0 .3780 1.317 Hunter L • Hunter a 
4 4 0.3350 0 .3627 77 .18 Hunter L • Hunter a • Hunter b 4 4 0.3665 0 .3929 1.285 Hunter L • Hunter a • Hunter b 
2 3.4 0 .3222 0 .3316 80.95 Hunter a 2 1.7 0.3689 0.3777 1.318 Hunter a 
3 2.1 0 .3437 0 .3619 77 .28 Hunter a· Hunter b 3 2 0 .3753 0.3927 1.286 Hunter a· Hunter b 
2 37.4 0.0035 0 .0173 119 Hunter b 2 40.3 0 .0247 0.0382 2.037 Hunter b 
3 34.5 0.0354 0 .0622 113.6 Hunter L • Hunter b 3 38.9 0 .0414 0.0681 1.973 Hunter L • Hunter b 
Graph 8.4.3.b Canthaxanthin concentration vs Hunter a and b values 
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KEY TO AXIS : Canth = Canlhaxanthin concentration 11<9/9). H _A = Hunter a. H _ B = Hunter b 
Feed Period 1 (Pigment supplementation) . Feed Penix! 2 (NO Pigment supplementatIOn) : Feed Period 3 (Pigment supplementation) 
IV 
IV 
Gr~h 8.4.3.c 
All possible subset regression models for All possible subset regression models for 
Total Carotenoid concentration (Visceral Flap region). Log Total Carotenoid concentration (Visceral Flap region). 
Unforced independent variables Unforced independent variables 
Hunter L Hunter L 
Hunter a Hunter a 
Hunter b Hunter b 
Adjusted Residual Adjusted Residual 
p Cp I r square r square SS P Cp r square r square SS 
1 25 .8 1 0 0 119.1 Intercept only 1 15.8 0 0 0 .8103 Intercept only 
2 27 .8 -0.0500 0 .0000 119.1 Hunter L 2 17.7 -0.0463 0.0035 0 .8075 Hunter L 
3 4 0 .5165 0 .5626 52 .1 Hunter L • Hunter a 3 3.5 0 .3997 0.4569 0.4401 Hunter L • Hunter a 
4 4 0 .5414 0 .6069 46 .82 Hunter L • Hunter a * Hunter b 4 4 0 .4137 0.4974 0.4072 Hunter L • Hunter a * Hunter b 
2 3 .8 0 .5010 0.5248 56 .6 Hunter a 2 3.3 0.3756 0.4053 0.4819 Hunter a 
3 4 .6 0 .5030 0.5504 53 .56 Hunter a * Hunter b 3 4.6 0 .3655 0.4259 0.4652 Hunter a * Hunter b 
2 27 .5 -0.0426 0.0070 118.3 Hunter b 2 17.6 -0.0447 0.0050 0 .8062 Hunter b 
3 1 29.5 -0.0974 0.0071 118.3 Hunter L • Hunter b 3 19.5 -0.0969 0.0076 0 .8041 Hunter L • Hunter b 
Graph 8.4.3.c Carotenoid concentration vs Hunter a and b values 
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Data points are mean values of four orientations for individual fish 
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KEY TO AXIS : Pigment = Total carotenoid concentration ~"g/g), H _A = Hunter a. H _ B = Hunter b 
/ 
-~ 1 1. ~4 
10 _ 29 
Feed PeriOd 1 (Pigment supp/ementaUon) . Feed Perio<l 2 (No Pigment supplementa&on) ; Feed PeriOd 3 (Pigment supplementation) 
IV 
IV 
IV 
..... 'O!-,'.' v .~ .v ..... 
~I poss i b~e subset regresSion m_?dels Tor All poSSible SUbset regression mooels Tor 
Astaxanthin concentration (Visceral flap region). Log Astaxanthin concentration (Visceral flap region). 
Unforced independent variables Unforced independent variables 
CIE- (1976) L" CIE-(1976) L" 
CIE- (1976) a" CIE-(1976) ." 
CIE- (1976) b" CIE- (1976) b" 
Adjusted Residual Adjusted Residual 
P CP r sQuare r sQuare 55 P CP r square r sOuare 55 
1 80 0 0 169.7 Intercept only 1 100.6 0 0 3.339 Intercept only 
2 38 0.2762 0.2859 121.2 CIE-(1976) L" 2 SO.7 0.2881 0.2976 2.346 CIE-(1976) L" 
3 3.4 0.5102 0.5232 80.92 CIE-(1976) L" " CIE- (1976) 0" 3 2.9 0.5711 0.5825 1.394 CIE-(1976)L" " CIE- (1976) 0" 
4 4 0.5131 0.5326 79.34 CIE-(1976) L" " CIE- (1976) 0* " CIE- (1976) b" 4 4 0.5705 0.5877 1.377 CIE-(1976) L" " CIE- (1976) 0" " CIE- (1976) b" 
2 4.9 0.4943 0.S010 84.69 CIE-(1976) a" 2 3.9 0.5595 0.5654 1.451 CIE- (1976) a" 
3 5.2 0.4982 0 .5115 82.91 CIE-(1976) a"" CIE- (1976) b" 3 4.8 0.5596 0.5714 1.431 CIE-(1976) a"" CIE-(1976) b" 
2 71 .8 0 .0538 0 .0664 158.5 CIE- (1976) b* 2 86.8 0.0785 0.0908 3.036 CIE-(1976) b* 
3 37.6 0.2822 0 .3013 118.6 CIE-(1976)L* * CIE-(1976) b* 3 47.8 0.3069 0.3253 2.253 CIE-(1976) L* " CIE-(1976) b* 
All poSSible subset regression models for ~I possible subset regression mode_l~ for 
Total Carotenoid concentration (Visceral flap region). Log Total Carotenoid concentration (Visceral flap region) . 
Unforced independent variables Unforced independent variables 
CIE- (1976) L" CIE-(1976) L" 
CIE- (1976) a" CIE- (1976) a" 
CIE- (1976) b" CIE-(1976) b" 
Adjusted Residual Adjusted ResiduaJ 
P CP r square r square 55 P CP r sQuare r SQuare 55 
1 80.5 0 0 209.8 Intercept only 1 92.5 0 0 2.582 Inte rcept only 
2 37.8 0.2001 0 .2897 149 CIE-(1976) L* 2 47 0.2755 0 .2852 1.846 CIE-(1976) L* 
3 2 .5 0.5178 0 .5:Il7 98.46 CIE-(1976) L * • CIE- (1976) a'" 3 2.2 0.5545 0 .5663 1.12 CIE-(1976) L* " CIE- (1976) a* 
4 4 0.5147 0 .5341 97.74 CIE-(1976) L* " CIE- (1976) a* " CIE-(1976) b* 4 4 0.5496 0.5676 1.116 CIE-(1976) L* " CIE- (1976) a* " CIE-(1976) b* 
2 4 0.S015 0.5082 103.2 CIE-(1976) a* 2 2.7 0.5450 0.5511 1.159 CIE-(1976) a* 
3 5 .4 0.4990 0.5124 102.3 CIE-(1976) a"" CIE-(1976) b" 3 4.5 0.5405 0.5527 1.155 CIE-(1976) a" " CIE-(1976) b" 
2 69.3 0.0736 0 .0859 191.8 CIE- (1976) b* 2 76.5 0.0961 0.1081 2.303 CIE-(1976) b* 
3 35.8 0.2966 0 .3153 143.6 CIE-(1976) L* " CIE- (1976) b* 3 42.5 0.3059 0.3244 1.744 CIE-(1976) L* " CIE- (1976) b" 
Graph 8.4.3.d Astaxanthin concentration vs CIE - (1976) a* and b* values 
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Data points are mean values of four orientations for individual fish 
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KEY TO AXIS: Asta = Astaxanthin concentration v.g/g) , C_A = CIE - (1976) 8', C_B = CIE - (1976) b' 
Feed Period 1 (Pigmen1 supplementaOon) , Feed Period 2 (No Pigment supp/ementa&on) .. Feed Period 3 (Pigment supplementation) 
IV 
IV 
'" 
....... 1 ... II V . -" . "' . 'I;> 
All possible SU.bset regression m~~ls for 
Canthaxanthin concentration (Visceral Flap region). 
All posslole suoset regression mO?els '.?r 
Log Canthaxanthin concentration (Visceral Aap region). 
Unforced independent variables Unforced independent variables 
CIE-(1976) L' CIE-(1976) L' 
CIE-(1976) a' CIE-(1976) a' 
CIE-(1976) b' CIE-(1976) b' 
Adjusted Residual Adjusted Residual 
p CP r square r square 55 P CP r SQuare r sQuare 55 
1 37.4 0 0 67.84 Intercept only 1 44.1 0 0 2.504 Intercept only 
2 34.1 0.0354 0.0488 64.52 CIE- (1976) L' 2 42 0.0213 0.0349 2.417 CIE-(1976) L' 
3 4.4 0.3223 0.3411 44.7 CIE-(1976) L' , CIE- (1976) a' 3 3.5 0.3700 0.3875 1.534 CIE-(1976) L' , CIE-(1976) a' 
4 4 0.3357 0.3634 43.18 CIE-(1976) L' , CIE-(1976) a' , CIE- (1976) b' 4 4 0.3742 0.4003 1.502 CIE-(1976) L' , CIE-(1976) 0' , CIE-(1976) b' 
2 2.7 0.3294 0 .3388 44.86 CIE- (1976) a' 2 1.5 0.3789 0.3875 1.534 CIE-(1976) 0' 
3 2.1 0.3442 0 .3624 43.25 CIE-(1976) a" CIE-(1976) b' 3 2 0.3830 0.4001 1.502 CIE-(1976) a" CIE-(1976) b' 
2 36 0.0176 0 .0312 65.72 CIE- (1976) b' 2 39.8 0.0411 0.0544 2.368 CIE-(1976) b' 
3 33.3 0 .0484 0 .0749 62.76 CIE-(1976) L' , CIE- (1976) b' 3 38.4 0.0573 0.0835 2.295 CIE-(1976) L' , CIE-(1976) b' 
~I pos~ible suoset regression mooelS Tor All poSSible subset regression mooelS tor 
Total Carotenoid concentration (Visceral Rap region). Log Total Carotenoid concentration (Visceral Flap region). 
Unforced independent variables Unforced independent variables 
CIE- (1976) L' CIE-(1976) L' 
CIE- (1976) 0' CIE-(1976) a' 
CIE- (1976) b' CIE-(1976) b' 
Adjusted Residual Adjusted Residual 
p CP r square r SQuare 55 P CP r square r square 55 
1 37.2 0 0 121.1 Intercept only 1 42.8 0 0 2.118 Intercept only 
2 35.1 0 .0239 0.0374 116.6 CIE- (1976) L' 2 42.4 0.0077 0.0215 2.072 CIE- (1976) L' 
3 4.5 0.3198 0.3387 80.09 CIE- (1976) L' , CIE-(1976) 0' 3 3 .5 0.3630 0.3007 1.311 CIE-(1976) L' , CIE-(1976) 0' 
4 4 0.3343 0.3620 77.26 CIE-(1976) L' , CIE- (1976) 0' , CIE- (1976) b' 4 4 0.3675 0.3938 1.284 CIE-(1976) L' , CIE- (1976) 0' , CIE-(1976) b' 
2 2.6 0.3290 0.3383 80.14 CIE-(1976) 0' 2 1.7 0.3703 0.3791 1.315 CIE-(1976) 0' 
3 2 0.3438 0 .3620 77.26 CIE-(1976) 0" CIE-(1976) b' 3 2.3 0.3737 0.3911 1.289 CIE-(1976) a" CIE-(1976) b' 
2 35.8 0.0174 0 .0311 117.3 CIE- (1976) b' 2 38.7 0.0405 0.0538 2.004 CIE-(1976) b' 
3 34.2 0 .0372 0 .0640 113.4 CIE- (1976) L' , CIE-(1976) b' 3 38.8 0.0443 0.0709 1.967 CIE- (1976) L' , CIE- (1976) b' 
Graph 8.4.3.e Canthaxanthin concentration vs CIE - (1976) a* and b* values 
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KEY TO AXIS: Canlh ~ Canlhaxanihin concenlration (jLglg) , C_A ~ CIE - (1976) s', C_B ~ CIE - ~976) b' 
Feed Period 1 (Pigment supplementation) Feed Period 2 (No Pigment supplementatJon) .- Feed Period 3 (Pigment supplementation) 
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poSS! e su set regression m e 5 or POSSI e su set regressIOn m e s or 
Totaf CarotenoKj concentration (Visceral Flap region) . Log Total Carotenoid concentration (Visceral Flap region) . 
Unforced indeperdent variables Unforced independent variables 
CIE- (1976) L* CIE-(1976) L* 
CIE-(1976) a* CIE-(1976) a* 
CIE-(1976) b* CIE-(1976) b* 
Adjusted Residual Adju.led ResiduaJ 
P CP r square r square SS P CP r sQuare r sQuare SS 
1 25.6 0 0 119.1 Intercept only 1 15.8 0 0 0.8103 Intercept only 
2 27.6 -0.0500 0.0000 119.1 CIE- (1976) L * 2 17.7 -0.0466 0.0033 0.8077 CIE- (1976) L * 
3 3.8 0.5195 0.5653 51.78 CIE-(1976) L* * CIE- (1976) .* 3 3.3 0.4042 0.4609 0.4368 CIE-(1976) L* * CIE- (1976) .* 
4 4 0.5391 0.6049 47.06 CIE-(1976) L* * CIE- (1976) .* * CIE- (1976) b* 4 4 0.4131 0.4969 0.4076 CIE-(1976) L* * CIE- (1976) .* * CIE-(1976) b* 
2 4.4 0.4845 0.5091 58.48 CIE- (1976) .* 2 3.B 0.3602 0 .3907 0.4938 CIE- (1976) .* 
3 4.9 0.4933 0.5416 54.6 CIE- (1976) .* * CIE-(1 976) b* 3 4.B 0.3581 0.4192 0.4706 CIE-(1976) a* * CIE- (1976) b* 
2 27.1 -0.0403 0 .0092 118 CIE- (1976) b* 2 17.6 -0.0443 0 .0055 0.8059 CIE- (1976) b* 
3 29.1 - 0.0950 0 .0093 118 CIE- (1976) L * * CIE- (1976) b* 3 19.5 -0.0951 0 .0092 0.8029 CIE-(1976) L* * CIE- (1976) b* 
Graph 8.4.3.f Carotenoid concentration vs CIE- (1976) a* and b* values 
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8.5 Conclusions. 
Site differences in the colorimetric measurements were expected. Two of the 
sites from which measurements were made were cut fillet faces (dorsal and caudal) 
however the third site was the intact visceral flap. 
Thecpoor relationship observed between Tristimulus xyz colorimetric 
determinations and carotenoid concentrations in all fish lead to the conclusion that this 
colour scale was not suitable as a predictor. The strong relationship observed between 
Hunter a and CIE-(1976) a * values of the cut fillet surfaces and concentrations of 
astaxanthin or canthaxanthin (Tables 8b, 8c, 8e, 8f, 8h, 8i) suggested either of these 
colour systems was suitable for the prediction of muscle carotenoid concentrations. Total 
carotenoid concentrations, irrespective of which pigment was fed to the fish, were also 
highly significantly correlated to redness values. This is in agreement with Skrede and 
Storebakken (1986). Improvement in fit of prediction equations was observed by 
considering colour hue and it was concluded that Hunter ab and CIE-(1976) a *b * values 
were more effective as determinants of fillet carotenoid concentrations of chinook salmon 
when measurements than redness values alone. Whiteness (Hunter Land CIE-(1976) L * 
decreased numerically as fillet colour increased however inclusion of Lor L * values did 
not improve the calculated multiple regression prediction equations. 
No differences in slopes of mUltiple regression hue curves forastaxanthin or 
canthaxanthin fed fish were found when sum of squares for individual and combined data 
was considered. It was therefore concluded that the two carotenoids result in the same 
flesh colour hue when fed to chinook salmon. This is verified by the visual observations 
in the present experiment and those of of Deufel (1965) and Foss et al., (1984). 
One aim of this study to determine the effectiveness of CIE(1976) a * readings of 
the intact visceral flap of chinook salmon as a predictor for fillet carotenoid 
concentrations. It appeared from the poor relationship between carotenoid concentration 
and hue chromaticity determinations that the variability of the visceral flap precludes the 
use of this region for the prediction of fillet colour for farmed chinook salmon pigmented 
with astaxanthin or canthaxanthin. This was due to the variable nature of the peritoneal 
fat layer present on the wall of the visceral cavity as observedbysignificantincreases in 
the influence of whiteness readings. 
.;".', '. -:.,-. . , -' ....... ' - . ~ 
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. Prediction of carotenoid concentration forastaxanthin fed fish was possible 
taking into account the logarithmic relationship between carotenoid concentration and 
hue. Prediction equations for astaxanthin and canthaxanthin fed fish are shown in Table 
81 using the CIE-(1976) colour system. Random cases for hue values were used to 
calculate standard errors about predicted values for the log of carotenoid concentrations. 
Accuracy of <±5% at the 95% confidence limit forindividual and totalcarotenoids was 
. -achieved when all data, irrespective-of dietary carotenoid, was considered. These 
prediction equations are shown in bolded type in Table 81. 
It was concluded that CIE-(1976) a * and b * colorimetric values measured from 
the dorsal region of the fillet may be used to accurately predict the carotenoid 
concentration of those fillets. The deviation from ideality (c=l00) for Hunter a and b 
values led to the conclusion that the CIE-(1976) colour scale may lead to less variation 
caused by physical characteristics of salmon tissue. 
Colorimetry using-the CIE-(1976) L * a * b * colour scale is therefore a powerful 
tool in the rapid determination of the carotenoid content of salmon fillets providing 
physical parameters such as sample site are standardised to those described for the dorsal 
site in the present evaluation. 
• - •• , _~_. _ ... "-__ • r_ ,I. 
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Table 81. 
Prediction equations for the detennination of carotenoid concentrations from CIE-(1976) 
a * and b * detennination at the dorsal site. Chromaticity values used are means of four 
orientation determinations. 
Astaxanthin fed fish. 
Log astaxanthin(p.g/g) = .0663a * -0.0257 b * -0.2500. . 
~ = 0.8103,-RMS=o.020.Standard error (randomisedpredicted value) ±3.6% . 
Log total carotenoids (p.g/g) = 0.0516a * -0.0161b * -0.0712 
r2 = 0.8023, RMS=0.014. Standard error (randomised predicted value) ±5.0%. 
Canthaxanthin fed fish. 
Log canthaxanthin (p.g/g) = 0.08ooa * "" 0.0250b * -0.5044 
~=O.7547,RMS=0.032. Standard error (randomised predicted value) ±7.5%. 
Log total carotenoids (p.g/g) = 0.0532a * -0.0093b * -0.2118 
~=O.7788, RMS=0.015. Standard error (randomised predicted value) ±3.3%. 
Mixture fed fish. 
Individual carotenoid concentrations cannot be predicted as no distinction between 
chromaticity due to astaxanthin or canthaxanthin is possible. 
Log total carotenoids (p.g/g) = 0.0544a * -0.0084b * -0.281 
~=O.8816,RMS=0.020. Standard error (randomised predicted value) ±6.3%. 
Appended data for astaxanthin and canthaxanthin fed fish. 
Log" fed" carotenoids (p.g/g) = 0.0120a * -0.0252b * -0.365 
r2=0.7734 RMS = 0.027. Standard error (randomised predicted value) ±4.5%. 
Log total carotenoids (p.g/g) = 0.0502a * -0.0109 b * -0.146 
~=O.7809 RMS = 0.015. Standard error (randomised predicted value) ±4.2%. 
Appended data for astaxanthin, canthaxanthin and mixture fed fish. 
Log total carotenoids (p.g/g) = 0.0513a* - 0.0163b* - 0.108 
r2 = 0.8346 RMS=0.016. Standard error (randomised predicted value) ±1.8%. 
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9.1 Introduction 
CHAPTER 9 
PIGMENT CONTENT OF NEW ZEALAND 
WILD CHINOOK SALMON 
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The pigment concentration of wild New Zealand chinook_salmon has not-been 
elucidated. The colour and appearance of New Zealand wild chinook salmon is highly 
regarded on the Japanese and American chilled and frozen fish markets (Personal 
communication, N. Moe., N.Z.Salmon Co. Ltd marketing division). It was the aim of this 
series of experiments-to determine the concentration of the major pigments present in 
wild chinook salmon muscle tissue and ovaries. Pigment concentrations observed were 
compared to literature describing carotenoid identification of other species of wild 
salmon. 
Fish selection is described elsewhere (3.1.6). The fish were filleted and the 
section anterior to the dorsal fin was used for pigment analysis (3.2.1). The ovaries of the 
female fish were also collected for carotenoid analysis. 
9.2 Muscle carotenoid concentration 
-The concentration of individual carotenoid pigments is shown in Table 9a .. The 
mean total carotenoid pigment concentration of the two year old fish (8.52#g!g) was 
significantly lower than the larger three year old fish (15.24#g!g) at the 5% level. This 
was in agreement with visual evaluation of the fish analysed and of previous visual 
evaluations of wild fish returning to the hatchery. Fillet portions were photographed 
(3.3.3), however the visual differences are difficult to detect (Plate 9A, Plate 9B); -
Ovaries were clearly more intensely red than the flesh of corresponding fish (Plate 9B). 
Two year old (male) fish contained an average muscle total carotenoid concentration of 
8.52± 1.82#g!g and the three year old fish contained a flesh total carotenoid concentration 
of 15.24±3.18#g!g. Due to differences in individual fish weight between and within the 
age groups tested the total carcass carotenoid content (mg) was calculated as previously 
described (section 3.2.3). Three year old fish contained an average of 39.2mg total 
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carotenoids (41.0mg when ovaries of the female fish were considered as deposition sites) 
and two year old fish contained a mean· of 8.7mg total carotenoids. 
Figure 9a. shows an HPLC trace of the muscle and ovarian extract of one three 
year old fish. Astaxanthin was found to be the most abundant carotenoid present in the 
muscle tissue of all the fish analysed (Table 9a.) and represented between 84.9% and 
75.4% of the total carotenoids present when HPLC and spectrophotometric results were 
compared. This may be due to comparison of results derived-from two different 
analytical methods as opposed to actual differences in carotenoid concentration~. The 
detection of astaxanthin as the major carotenoid present in the muscle tissues of the fish is 
in agreement with findings for wild rainbow trout (Schiedt et al., 1986), chum salmon 
and masu salmon (Matsuno et al., 1980; Kitahara, 1984), sockeye salmon (Kitahara, 
1984), redspottedrnasu salmon andbiwatrout (Matsuno etaZ., 1980) as summarised in 
Table 2b. Astaxanthin concentrations were significantly different between the two age 
groups (p<O.05) tested. Canthaxanthin was detected in the muscle of one fish from the 
ten tested but was only found in trace quantities (0. 1 p.g/g). J3-carotene, zeaxanthin and 
lutein were below the limit of detection «O.IIlg/g) in all fish muscle tissue analysed. 
Fish live weight was positively correlated to muscle total carotenoid (correlation 
coefficient=O.917) and astaxanthin (correlation coefficient=0.903) concentrations. The 
relationship between fish weight and carotenoid concentrations was found to be linear. 
r2=O.8409 (p<O.01) for muscle total carotenoid concentration vs live weight. 
r2=O.8151 (p<O.OI) for astaxanthinconcentration vs live weight. 
Analysis of intact ovaries from the three year old female fish showed similar 
carotenoids present. However, it was interesting to note that canthaxanthin was detected 
in the eggs of all three ovaries tested although canthaxanthin was not detected in the 
muscle tissue of the fish from which these ovaries were obtained (Table 9a., Figure 9a.). 
Reductive metabolism of astaxanthin tocanthaxanthin does not occur insalmonids 
(Schiedt, 1987). The detection of canthaxanthin in the ovaries of the fish maybe an-
artifact of the higher total carotenoid concentration of this tissue compared to the muscle 
tissue allowing for analytical detection of carotenoids present in low concentrations. 
Differences between total carcass astaxanthin (mg) were highly significant 
between year groups (p<0.OO5) regardless of whether ovarian astaxanthin contents were 
included in the three year old fish. This was due to a combination of the higher 
astaxanthin concentration and greater live weight of this group of fish. Ovarian 
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carotenoids accounted for 7.3% of the total carcass carotenoids while ovarian astaxanthin 
- accounted for 6;0% oftotal carcass astaxanthinofthe female fish analysed. 
Insufficient fish were available for analysis for determination of differences 
between male and female fish. 
Figure 9a. 
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Muscle tissues of wild 3 year old fish 
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9.3 Wild salmon feed source 
Munida gregaria is the major krill species found off the eastern coast of 
southern New Zealand and M. gregaria populations bloom annually during the late spring 
and mid-summer periods (Zeldis, 1985). This region is thought to be the main feed bed 
of New Zealand chinook salmon during their marine period prior to upstream migration 
for reproduction (MAF Freshwater Fisheries Report No. 100). Flain (1981) has reported -
the presence of M. gregaria in the stomachs of wild salmon caught off the east coast of 
the South Island. Numerous fish species were also identified from the salmon stomachs 
however all were white fish species containing no appreciable quantities of carotenoids 
(pilchard, Sardinops neopilchardus; squid, Spirula sp.; lanternfish, Myctophum 
punctatum; hoki, Macruronus novaezelandiae). 
A sample of M. gregaria was obtained during the summer bloom period 
1987/1988, deep frozen and analysed inJanuary 1988. Carotenoids were extracted 
(3.2.1.2) from frozen M. gregaria and purified by column chromatography (3.3.1). The 
absorbance spectrum of the M. gregaria carotenoid extract compared to quantitative 
standards prepared by acetone extraction of CAROPHYLL Red (F. Hoffmann-La Roche) 
and CAROPHYLL Pink (F. Hoffmann-La Roche) is shown in Figure 9b. The absorbance 
spectrum of M; gregaria showed a broad absorption peak with a ~max of 470-480run 
which is characteristic of astaxanthin esters. 
Similar ~maxfor astaxanthin and canthaxanthin make positive identification of 
the carotenoid pigments-difficult from the absorbance spectrum alone. Thecarotenoid 
extracted was further characterised by 1LC (3.3.2) and three red spots were evident and 
were identified as astaxanthin (RrO.39), astaxanthin monoester (RrO.57) and astaxanthin 
diester (Rr 0.70). The identification of astaxanthin (primarily esterified) as the most 
abundant carotenoid found in M. gregaria is in agreement with findings for other krill 
species (Goodwin, 1952, 1971; Cheesman et al., 1967; Fox, 1967; Liaaen-Jensen 1978; 
Lambertson and Braekken, 1971; Wilkie, 1972; Kuoet al., 1976; Torrissen and 
Braekken, 1979; Torrissen et a1., 1981; Choubert and Luquet, 1983; Omara-Alwala, 
1985; Protasowicka, 1985; Fujita et a1., 1983; Schiedt, 1987). 
The concentration of astaxanthin pigments in the frozen sample of M. gregaria 
analysed (69% moisture) was 16.8"g/g (54.2"g/g dry weight) which was slightly higher 
than the concentration found in a commercial sample of Nichio antarctic krill meal 
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(Euphausia superba) analysed in-December 1989 (48.01Lg/g dry weight). The ingestion 
of a large number of M. gregaria by wild New Zealand salmon during the 
November/December krill bloom period is likely to be the major source of astaxanthin for 
these fish. 
Figure 9b . 
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Wild Fish Carotenoid Pigment Analyses. Values shown represent muscle concentrations and content with ovarian pigments for the 
corresponding fish shown in brackets for female fish. 
Fish Fish Total Astaxanthin Canthaxanthin Carcass Zeaxanthin 
Age Weight Carotenoids Astaxanthin Lutein 
yrs. kg Ilg/g Ilg/g Ilg/g mg fj-carotene 
2 1.03 9.1 7.2 ND 4.45 ND 
2 2.15 10.8 8.9 ND 11.48 ND 
2 1.15 6.7 5.1 ND 3.52 ND 
2 2.25 9.9 8.4 0.1 11.34 ND 
2 1.60 6.1 4.6 ND 4.42 ND 
Mean 1.64 8.52 6.84 0.02 7.05 
3 3.82 11.6 9.3 ND 21.30 ND 
3 4.30 (122g) 13.3 (21.2) 10.8 (14.6) ND (0.3) 27.86 (29.65) ND 
3 4.67 (130g) 13.4 (25.7) 10.8 (19.1) ND (0.4) 30.24 (32.73) ND 
3 5.48 (l40g) 17.8 (22.8) 15.0 (16.6) ND (0.5) 49.35 (51.67) ND 
3 3.23 20.1 16.3 ND 31.62 ND 
Mean 4.30 (131g) 15.24 (23.24) 12.44 (16.8) (0.4) 32.08 (38.02) 
ND = not detected. 
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9.4 Discussion 
Carotenoid analysis of wild chinook salmon taken in January and February 1990 
confirm earlier visual observations deeper fillet colour intensity of three year old fish as 
opposed to smaller two year old fish. The detection of astaxanthin as the major 
carotenoid of the muscle tissue is in agreement with historical (Krukenberg and Wagner, 
1885; Newbigen, 1900; EIIlIlierieet aL, 1934; Bailey,c 1937; Sorensen,1938) and recent 
detailed analytical studies (Kitahara, 1984; Matsuno et al., 1980; Schiedt et al., 1984) 
dealing with flesh colour of wild salmonid fish discussed in section 2.1.2. 
Analysis of M. gregaria, as the likely dietary carotenoid source during the 
marine period, confmned astaxanthin as the major dietary carotenoid assimilated during 
this period. Although the esterified form-of the pigment predominatedinM. gregaria 
and this form of astaxanthin is less efficiently deposited by salmonids the high levels and 
prolonged periods of ingestion impart excellent pigmentation to the muscle tissue. 
Seasonal blooming of M. gregaria populations would be expected to lead to a 
variable intake of this crustacean by salmon. Data presented in chapter 6 indicates that 
salmon can sustain prolonged periods of no carotenoid assimilation without adverse 
effects on flesh colour. Therefore, it was concluded that the seasonal intake of M. 
gregaria (with astaxanthin concentration of approximately501lg/g) by chinook salmon 
off the east coast of the South Island would be sufficient to result in significant deposition 
of astaxanthin in the muscle tissue .. 
Muscle astaxanthin concentrations of wild New Zealand chinook salmon (2 year 
old, 6.81lg/g; 3 year old, 12.4Ilg/g) were lower than astaxanthin concentrations cited for 
wild sockeye salmon (34.31lg/g) and coho salmon (20.91lg/g) and higher than Atlantic 
salmon (3.1-8. 1 Ilg/g) and chum salmon (3.4Ilg/g) taken from various locations around 
Europe and Canada (Schiedt etal., 1981).Storebakken et al., (1984) found flesh 
astaxanthin concentrations of 51lg/g to 91lg/g in Arctic charr taken fromthe Norwegian 
Lakes Svartvatnet and Djosetervatnet. The two year old chinook salmon in the present 
study contained comparable flesh astaxanthin concentrations, however the three year old 
fish contain a higher muscle carotenoid concentration. Comparison of muscle astaxanthin 
concentrations of these salmonids agrees with visual colour appraisal between wild fish 
of the various species (Personal communication, N. Moe, New Zealand Salmon Company 
Limited). 
-" 
'.'_-.-_'_-.'.'..F_"_"_.' __ '_-.' 
. --'~ -~ . .: .... ~ - -.. -. .: ' 
........ ..,:...::,~ &-....,.s'._.-.-': .. ~_~7.:. • 
237 
At the stage of sampling (upstream migration) the ovaries of the female fish 
represented approximately 2.8% of the fish live weight however by this relatively early 
stage of maturation the ova contained high concentrations of astaxanthin. It was not 
possible to determine whether the astaxanthin present in the ova was of muscular or 
dietary origin (2.3.1) or a combination of the two. Ovaries of a number of the 
experimental fish (Chapters 5, 6 and 7) were visible therefore it can be assumed that the 
ovaries begin ~to develop when the fish weigh between 1 and 2kg. Therefore the ovaries 
of the 4 to 5kg wild female fish analysed would have been developing for the majority of 
the marine period of the fish. From this and the findings of Steven (1949) described in 
section 2.1.1 it can be assumed that at least some of the ovarian astaxanthin detected was 
deposited directly from the diet during the early marine period of the fish. However, 
depending on the matutation"status of the fish, which is very "difficult to estimate, some of 
the ovarian astaxanthin found in fish beginning upstream migration may have been 
mobilised from muscle tissue and redistributed into the ovary (2.3.1). 
·CHAPTERlO 
In vitro ABSORPTION OF ASTAXANTHIN BY PYLORIC 
SEGMENTS. 
lO.lIntroduction 
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Practical problems associated with applying mammalian in vitro techniques for 
transport studies in salmonids are discussed. No clear conclusions on the mechanisms of 
astaxanthin absorption could not be drawn due to inconsistent results however the present 
study was included to draw attention~to physical constraints of in vitro studies in 
salmonids. Variability of results was considered to be due to physical constraints of 
methodology rather than biological effects. 
In vitro methods for the evaluation of intestinal absorption have a number of 
advantages over in vivo studies. In vivo experiments are characteristically expensive to 
carry out and can take considerable time to achieve a result. Factors such as field 
environment often cannot be controlled to the extent which is preferable. In vitro 
experiments can, to some degree, minimise these problems by being carried out under 
rigidly controlled laboratory conditions. In addition, for studies of physiological 
pathways, metabolic blockers can be utilised to regulate specific pathways of interest. 
This is not possible in. in vivo studies as such blockers are generallyJethalto the animal. 
It was the aim of this series of experiments to attempt to determine the nature of 
astaxanthin absorption by segments chinook salmon pylorus in vitro. 
lO.2ln vitro conditions. 
Selection and collection of fish is described in section 3.1.6. In vitro methods 
are described in section 3.7 and shown diagrammatically in Figure 3i. Analyses of 
carotenoid content of perfusate is described in section 3.2.2. 
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10.3 Results. 
10.3.1 Methodology. 
Three methods were attempted for the evaluation however it was found that only 
one of these methods was practically applicable. 
The everted sac method is commonly used to determine the in.vitro absorption 
of nutrients (Wilson and Wiseman, 1953; Neame and Wiseman, 1959; Crane and 
Mandelstram, 1960; Dowdle et al., 1960; Kershaw et al., 1960). This method was 
attempted however complete eversion of the caecae was not possible. 
U ssing chambers utilise two reservoir blocks with clamping arrangements to 
hold intestinal segments between discrete reservoirs. Transport of. nutrients is detennined 
by measuring the increase or decrease in nutrient concentration within these reservoirs 
(Breaves et al.~ 1989). Initial attempts to carry out the in vitro experiments using Us sing 
chambers proved unsuccessful. This was due to inadequate sealing at the two faces of the 
chambers caused by clumping of the caecae. Attempts to gently pull the caecae through 
the the ports in the block led to rupture of the gut section. 
Perfusion systems are used widely in determination of in vitro absorption of 
nutrients (Fisher and Parsons, 1949; Wiseman, 1953; Jacobs et al., 1966; Chu, 1986; 
Kondo et al., 1986). A system allowing for the perfusion of the pyloric caeca is 
described in section 3.7. 
Cortland salt-solution was prepared·as the·perfusion medium .. ·.The composition 
of this solution is given in Table lOa. Astaxanthin (CAROPHYLL Pink) was added 
directly to the Cortland solution and was easily solubilised. Phlorrhizin and KCN were 
added as described in Table lOb. and sample perfusion was carried out for 40 minutes. 
KCN blocks the electron transport chain and Phlorrhizin inhibits glucose transport across 
the intestine in vivo and in vitro (Newey et al., 1959). Inclusion of KeN or phlorrhizin to 
the perfusate was intended to define the active or passive nature of astaxanthin transport. 
The astaxanthin concentration of the perfusate reservoir was determined at 5, 10, 
20, 30 and 40 minutes following the beginning of perfusion. 
Table lOa. 
'Cortlandsalt'Solution (Brown trout)l 
Component 
NaCI 
Cac12·2H20 
KCL 
NaH2P04·H20 
NaHC03 
MgS04·7H20 
Glucose 
1 Wolf (1963). 
Grade 
BDHAnalaR 
Ajax 
BDHAnalaR 
BDHAnalaR 
BDHAnalaR 
·BDHAnalaR 
BDHAnalaR 
10.3.2 Perfusion results. 
gIL 
7.25 
0.23 
0.38 
0.41 
1.00 
0.23 
1.00 
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Astaxanthin concentration at time 0 was lower than the target concentration of 
360 "glml. This may have been due to the dilution effect of the residual Cortland salt 
.. solution usedto-wash the gut segment. A summary of results is given in Table lOb. 
While there appeared to bea decrease in the concentration of astaxanthin in the perfusate 
containing astaxanthin or astaxanthin + KCN the causes of this were not clear. 
Table lOb. 
Astaxanthin concentration from perfusate samples taken at 0, 5, 10,20, 30 and 40 minute intervals from 
initiation of perfusion. 
Time 
o 
5 
10 
20 
30 
40 
Perfusate 1 
Perfusate 2 
Perfusate 3 
Perfusate 1 
350a 
350 
340 
320 
330 
265 
Perfusate 2 
344 
370 
370 
350 
340 
370 
Cortlands salt solution + 360 "glml astaxanthin. 
Perfusate 3 
230 
370 
350 
300 
300 
195 
Cortlands salt solution +360 "glml astaxanthin + 1.0mM Phlorrhizin. 
Cortlands salt solution + 360 "glml astaxanthin + 1.OmM ~CN. 
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10.4 Conclusions. 
Analytical results were extremely variable and no clear conclusions could be 
made with regards to absorption rates and the factors which regulate these. It was not 
possible from the in vitro data to detennine if astaxanthin absorption is an active or 
passive process. Data from in vivo studies suggest an active process occurs when the 
specificity of carotenoid absorption and the non-additive effect of dietary carotenoid 
mixtures on deposition in the muscle are considered. 
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The perfusion method used in the present study may be more suited to 
detennining the in vitro absorption characteristics of fully water soluble nutrients. The 
fat soluble nature of astaxanthin may have lead to inconsistent results due to 
inhomogeneity within the perfusate although this was not visible. In vitro methods allow. 
for detailed analysis of absorption pathways of nutrients however practical problems 
appear to preclude the use of intact intestinal samples. 
Distribution of. 14C-astaxanthin in tissues of Atlantic salmon has been identified 
by autoradiography (Torrissen and Ingerbrigtsen, 1991). With recent advances in cell 
culture highly accurate determinations of absorption mechanisms may be achieved at a 
histological level. Exposure of radiolabelled carotenoids to cultured cell lines and 
histological analysis by autoradiography could be a very accurate method ofdetermining 
factors which are associated with, and ultimately control, the absorption of astaxanthin. 
This method would be a powerful tool in defining astaxanthin absorption and deposition 
pathwayscin the.future. 
.c •• 
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CHAPTER 11 
GENERAL CONCLUSIONS 
11.1 Commercially based experimentation 
Storebakken et al., (1987) identified the need for large scale dose response 
evaluation of salmonid carotenoid pigmentation experiments to be carried out using 
commercial sea cage facilities. Results presented in this thesis highlight a number of 
practical issues which must be considered when such sites are used for experimental 
studies. 
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Two separate farming methods were employed. Chapter 4 describes 
experiments involving the culture of chinook salmon in land based system specifically set 
up for trial work. This system allowed accurate determination of biomass, mortality and 
feed intakes. The same controls were not possible in the following series of experiments 
due to the inherent characteristics of sea cage sites. These sites are often remotely located 
and can be affected by adverse weather conditions and other environmental related issues. 
Chapter 5 discusses some of effects factors such as shrinkage and predation can have on 
data evaluation from experiments at sea cage sites. These can be limited to some extent 
by management procedures however remain a threat to any experiment in these 
environments.· However, in commercial situations such problems do exist and data 
reflects the impact of these factors on day to day operation of sea cage facilities. 
One consideration when designing experiments on commercial sites must be an 
appreciation of costs of the experiment (in fish and feed) and potential production losses 
to the site. An example was the fish population of DTI which was severely reduced by 
seal attacks early in the experiment. Under normal commercial conditions this cage 
would have been restocked during grading and splitting of fish from other cages. 
However, from the time of this attack until the completion of the trial the cage was 
stocked with less than one fifth of its carrying capacity. Replication of treatments, while 
preferred, is not practical when running comparative dose response studies with large 
numbers of fish on commercial sites. Diet trials also present logistical considerations to 
staff on site and special requirements, such as small batch runs, at the feed mill. 
,._-_-_._ •• ,...."_._.~._._._._ •.. _,J 
243 
11~2 Carotenoid pigmentation 
Carotenoid pigmentation of chinook salmon under commercial conditions was 
investigated in a series of experiments carried out in fresh water and salt water. The 
carotenoid composition of salmonids and factors regulating the absorption, transport and 
deposition of these pigments in various salmonidtissues was reviewed in chapter 2. The 
lack of data concerning the pigmentation of chinook salmon was. evident. 
Dietary lipid composition and its effect on the absorption and deposition of 
astaxanthin was evaluated in chapter 4. The pylorus was confirmed as the site of 
astaxanthin absorption in fresh water and salt water digestibility evaluations. Astaxanthin 
absorption (as determined by digestibility) was affected by dietary lipid concentration. -
No enhancement of carotenoid deposition was observed by the inclusion of excessive 
lipid to the diets however deficient lipid retarded thelleposition of astaxanthin; 
Bioavailibility of individual fatty acids suggested a link between the essential fatty acids 
of the ",3 series and astaxanthin deposition. The association of the w3 EFA acids with 
numerous serum carotenoid carrying lipoproteins in conjunction with the epithelial 
biosynthesis of these lipoproteins led the author to conclude that the effects observed 
were due to insufficient dietary ",3 for effective absorption or transport of astaxanthin. It 
was apparent that salmonids have a basic requirement of >0.57% w3 essential fatty acids 
(EFA) for effective flesh pigmentation with astaxanthin. It was concluded that 
solubilisation of-astaxanthin· into dietary lipids and Go-transport-across the epithelium 
does not occur. 
Astaxanthin was more efficiently utilised than canthaxanthin when dietary 
carotenoid concentration exceeded 4Omg/kg. Dietary supplementation at 20mg/kg of 
carotenoids resulted in· more efficient utilisation of canthaxanthin, contradicting cited 
literature. A direct inverse relationship between dietary carotenoid concentrations and 
deposition efficiency exists when dietary carotenoids were supplemented at 20 and 
4Omg/kg. The same relationship was not observed in deposition efficiency from dietary 
carotenoid concentrations of 40 and 6Omg/kg. It was concluded that for the effective 
commercial pigmentation of chinook salmon at the experimental site prolonged feeding at 
low carotenoid concentration followed by an increase prior to harvest was the most 
efficient method of achieving adequate pigmentation. By comparison to dose response 
.~-~---.-'-'-"'-""'~--~~'.---'-" 
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studies carried out with other salmonid species it was concluded that chinook salmon 
.. ·depositastaxanthincandcanthaxanthin more.efficiently than Atlantic salmon and Brown 
trout (Sa/mo sp) but with less efficiency than rainbow trout (Oncorhynchus sp). 
No synergistic effect on carotenoid deposition was observed when fish were fed 
a 1: 1 mixture of astaxanthin and canthaxanthin which was in agreement with proposals of 
a common competitive pathway for the absorption of carotenoids. The astaxanthin to 
canthaxanthin ratio in the muscle tissues of fish fed a mixture of the two carotenoids 
decreased from 1:0.71 to 1:0.46 over time indicating the lower utilisation of 
canthaxanthin relative to astaxanthin. 
Muscle carotenoid concentrations decreased following cessation of dietary 
carotenoid supplementation of pigmented fish. However, continual deposition of 
carotenoids in the muscle tissue during thisperiooconfmning cited literature of 
carotenoid redistribution from visceral organs. 
No astaxanthin or canthaxanthinmetabolism in the muscle tissues of the fish 
occurred. Analyses of a pale region of caudal flesh evident in maturing fish confirmed 
the lack of astaxanthin or canthaxanthin metabolism in the muscle tissues. 
Colorimetry was evaluated in chapter 8 and identified as a suitable method for 
the evaluation of salmon flesh colour. Hunter Lab and CIE-(1976) L * a *b * were the 
most suitable scales for the determination of salmon flesh colour. Tristimulus xyz was 
not suitable. Comparison of between colour scale chromatic results and the ideal 
reflective surface (sum of elementary colours = 100) suggested that CIE-(1976) L* a*b * 
was more suitable Hunter Lab determinations. It was concluded that colorimetric 
determinations must be made on cut fillet surfaces and therefore colorimetry cannot be 
applied as a quality system to intact eviscerated fish. 
No colorimetric differences were observed in colour hue between fish pigmented 
withastaxanthin or canthaxanthinwhichconfmned visual observations. It was concluded 
that the perceived colour of the fish (relative to carotenoid concentration) did not alter 
following cessation of dietary carotenoid supplementation. 
Astaxanthin was identified as the major carotenoid present in the muscle tissue 
of wild marine chinook salmon. Analysis of M. gregaria as a natural food source for 
salmonids off the east coast of the South Island, New Zealand confmned high 
concentrations of astaxanthin·in these crustacea. It was concluded by reference to chapter 
. -~ -. ~ . .-' '- - - -- ... " _. - --, 
6 that seasonal (as opposed to continuous) assimilation of M. gregaria would have no 
. -detrimental effect on carotenoid concentration of wild chinook salmon . 
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Appendix 1. 
Digestibility determination in fish 
Methods for the detennination of diet digestibilities may be grouped into two 
classes . 
. L Those-which utilise inert markers incorporated into the feed specifically for 
the purpose of digestibility calculation (Bell and Cowey, 1989; Austreng, 1978; Windell 
et al., 1978; De Silva and Perera, 1984). 
2. Those which use measurement of indigenous dietary components which are 
indigestible to the fish (De Silva and Perera, 1983; Buddington, 1979, 1980). Both of 
these method types were used for the detennination of-dietary component digestibilities 
in the experimental work described. 
Cr203 was incorporated into the diets of the fish used for the fresh water trial at 
a level of 0.5% (Table 4a) as an inert digestibility marker (Au streng, 1978; Austreng et 
al., 1980; De Silva and Perera, 1984; Windell et al., 1978; Bell and Cowey, 1989). 
The salt water experimentation utilised a commercial population (12 tonnes 
harvest weight) of salmon. A number of considerations made the incorporation of Cr20 3 
into the diets of these fish impractical. 
1. Over the trial period a total of approximately 30 tonnes of feed was fed to the 
. trial fish during the three phases of experimentation (Table 3a). The inclusion of Cr20 3 
into these diets would have resulted in 150kg of the marker being passed via the fish 
faeces into the immediate vicinity of the trial cages and the rest of the farm. This was 
considered unacceptable environmentally as Stewart Island is an ecologically sensitive 
area. 
2. The experimental salmon were commercial populations of fish. At the 
completion of the experiment the fish were harvested and exported. No artificial 
substances, additional to those normally used, were included in the diet in line with 
N.Z.Salmon Company Ltd. policy. 
3. The inclusion of Cr203 into 30 tonnes of feed at a level of 0.5% would have 
resulted in an additional cost to the experiment of approximately $4600. 
There are a number of indigenous dietary components which have been utilised 
as digestibility markers in fish experiments. It was decided, when the above 
: .-. -..... " ~ ... ~ 
. considerations were taken into account, to use one of thesecmethods for the measurement 
of dietary component digestibilities. Silica (Hickling, 1966), cellulose (Buddington, 
1979), hydrolysis resistant ash'HRA' (Bowen, 1981; De Silva and Perera, 1983), ash (De 
Silva et aI., 1984), crude fibre 'eF' and hydrolysis resistant organic matter'HROM' (De 
Silva and Perera, 1983;) have been used as reference materials for digestibility 
calculations in fish. 
-- --De Silva and Perera (1983) compared the digestibility oithe aquatic macrophyte 
Hydrillaverticellata by Etroplussuratensis using HRA,CF andHROM. Recovery from 
the faeces for HROM and CF did not significantly differ from 100% but HRA exceeded 
100%. HRA may have been increased by bile salts in these experiments and there are 
reports of CF assimilation by fish (Niederholzer and Hofer, 1979; Smith and 
Lovell,1972). 
Cellulose and chitin are the two main components of HROM (De Silva and 
Perera, 1983). Fish do not appear to possess the gut flora capable of hydrolysing 1-4 
glycosidic linkages. Stickney and Shumway (1974) reported widely varying cellulase 
activity in the guts of 62 fish species however did not consider Salmonidae. They found 
no cellulase activity in the gut of any species of offshore fish. Prejs and Blaszczyk 
(1977) reported cellulase activity in the digestive tract of salmonidae (Coregonus alhula) 
however the cellulolytic activity correlated to the amount of dead plant material 
(presumably intensively colonised by bacteria before ingestion) in fish digestive tracts 
-and not to the actual amount of cellulose in the gut. This suggested that cellulase activity 
in the intestinal tracts of fish is due to the microflora of ingested plant material, not gut 
flora. Fish (1960) found no breakdown of cellulose by Tilapia. King et al., (1977) found 
no measurable chitinolytic activity in the Gizzard Shad (Dorosoma cepedianum). 
Buddington (1980) reported HROM digestibility of between 1.05% and -0.29% 
for rainbow trout and tilapia however neither of these was significant from 0%. In the 
same experiment ash showed significant (p<O.OI) absorption. 
Due to the apparent inability of fish to break down cellulose and chitin HROM 
was selected as the indigenous dietary reference for digestibility calculations. HROM is 
found in higher concentrations to HRA or CF and as such is likely to result in lower 
experimental error. 
.. 
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Appendix 2. 
Dietary Pigment Mixing Efficiency 
Introduction . 
. . ·Initial carotenoid assay results for salt·water experimental period 1 (Table 3a). 
revealed lowerastaxanthin and canthaxanthin concentrations than included (Table 4a). A 
number of factors were studied to determine the cause of this. 
1. Incomplete mixing during formulation. 
* All analytical values were low and the high!1ow ration expected of a 
mixing problem did not occur. 
*The mixers, augers and·press were examined by engineers at Salmon 
Services Ltd. and no obvious signs of wear were seen. 
2. Unreliable subsampling of the diets. 
*8kg was subsampled from each tonne of finished feed as the pellets passed 
over the fines screen. This represented 0.8% of the total diet mix which 
should have been representative of the entire formulation. 
* Assay results showed considerable "carry-over" of pigments from previous 
batches of feed. These results suggest either the carotenoids are not mixing 
with the mash properly and were precipitating at some point in the mixer or 
the subsample was not representative of the entire diet. A second 
subsample taken from the open bags at Stewart Island was sent to the 
laboratories of F.Hoffmann-La Roche for repeat analyses. 
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TableA2a. 
Initial carotenoid analysis results. 
Diet 
DTI 
D1'2 
DT3 
DT4 
DT5 
DT6 
D1'7 
Astaxanthin 
19.7 
15.0 
9.4 
6.3 
4.7 
47.0 
51.0 
Canthaxanthin 
Not detected 
1.7 
5.5 
27.0 
42.0 
7.7 
8.0 
3. CAROPHYLL heat destruction during pelleting. 
4. 
*Discounted due to relatively low press temperatures. 
*Results from a repeat set of diet subsamples taken from Stewart Island 
during the feeding experiment showed minimal destruction of 
CAROPHYLL pigments during pelleting. 
CAROPHYLL pigment levels below manufacturers declared concentrations. 
*Subsamples of all batch lots of CAROPHYLL pigments incorporated into 
a vitamin premix and assayed before shipment from Hoffmann-La Roche as 
a QC requirement (Personal communication, RAebi, Regional Manager 
VM/R-A, F.Hoffmann-La Roche, Basle, Switzerland.). It is not possible for 
CAROPHYLL Pink or CAROPHYLL Red to contain less than 5% 
astaxanthin or 10% canthaxanthin respectively. 
A mixing efficiency experiment was carried out at the feed mill of Salmon 
Services Limited on the 23/11/1989. Mash and pellets were sampled from four regions of 
the feed mixing plant. Sample regions are shown on the diagrammatic representation of 
the feed mill (Figure A2.1). Sample times were chosen to result in approximately the 
same number of samples per region in order to follow the same "plug" of feed through the 
plant 
Sample Region 1. The mixer was sampled at 2 minute intervals from the time all the 
ingredients were added. Some fish oil was still running into the 
mixer for the first 3 samples (TO' T l' T2). 
-Sample Region 2; The mixer-waScsampledat 2 minutecintervals from the effluent auger 
as the mix was augered into the holding bin prior to pelleting. 
Sample Region 3. The mash was sampled after steam conditioning but prior to 
pelleting at 5 minute intervals. The temperature of the mash at this 
point was 67°C. 
Sample Region 4. The pellets were sampled at 5 minute intervals as they passed from 
. -, the cooler over the the fines separation screen. 
The major portion of the finished pellets passed over the fmes screen at ambient 
temperature ±5°C, however, the first two samples taken (representati'.'e of 5 minutes 
running time) were substantially higher than ambient (40°C and 39°C respectively). This 
-represented approximately 300-350kg of finished feed. The feed would therefore have 
been at a temperature of between 60°C and 40°C for a period of approximately 15 
minutes. 
The feed analysed in the mixing efficiency trial was a production 2 tonne batch. 
The lack of pellet cooling for the first 300-350kg would have a more pronounced effect 
on the total diet for smaller one tonne batches (experimental diets) due to more air 
circulation around as opposed to through the pellets. 
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Table A2b. 
Total carotenoid concentration (lJ,g/g) of mash and pellet samples taken from feed mill. 
Theoretical concentration = 451J,g/g (600g/tonne CAROPHYLL Red + 150g/tonne 
CAROPHYLL Pink). 
RunTime Mixer - Auger Steam Pellets 
kg Region 1. Region 2. Region 3 . Region 4. 
0 43.4 37.2 *** 37.9 
330 47.4 36.3 29.0 37.8 
660 43.0 48.4 27.0 44.5 
990 43.9 43.2 45.5 
1320 47.4 46.8 44.5 46.4 
1650 45.5 10.4 37.3 42.3 
1980 44.8 44.4 43.2" 43.5 
*** A mixture of mainly yellow carotenoids was detected in this sample. The 
carotenoids isolated from this sample were analysed individually and are summarised in 
Table A2c .. 
Discussion. 
Mixer and holding bin. 
The results in Table A2b. show that a homogeneous mix was achieved by the 
time all the ingredients were added to the mixer and there was no separation of 
carotenoids during augering into the pre-pelleting holding bin. 
Pelleting. 
The results from sample region 3 suggest that either some destruction of the 
carotenoids during the initial stages of steam injection occurred or the plant section 
between regions 2 and 3 contained some residual mash from the previous feed batch 
(plain feed). 
Peaks were detected in the total carotenoid mixture at 469nm, 451nm, 438nm and 
414nm (Figure A2.2) Tentative identification of the individual TO carotenoids based on 
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absorption maxima and column chromatography shownin Table A2c.-suggested higher 
concentrations of hydroxy and epoxy derivatives of astaxanthin -and canthaxanthin .. It 
was not possible to detect similar levels of the yellow carotenoids in the subsequent 
samples (region 3) suggesting their presence in the TO sample was partly a result of 
destruction of astaxanthin and canthaxanthin. This is possible due to variations in steam 
. flow and speed of the. mash through~thisportiQn of the plant during the initial stages of 
pelleting . 
It is more likely however that a "plug" of fines from the fines return auger was 
the fIrst feed to pass through the conditioner. The previous batch of feed was a plain feed 
batch of fIne crumbles and as such the residual small particles in the fInes return auger 
would be expected to be higher. 
Table A2c. 
IdentifIcation of carotenoids from To region 3. 
Microcel-C 
Band I 
Band II 
Band III 
Band IV 
Acetone 
Pet-Ether 
2% 
5% 
8% 
10% 
466 
470 
437 
412 
435 
412 
469 
449 
IdentifIcation 
Canthaxanthin 
Astaxanthin 
Violaxanthin 
Violaxanthin 
Neoxanthin 
. Neoxanthin 
Astaxanthin ester or Zeaxanthin 
Astaxanthin ester or Zeaxanthin 
Figure A2.2 
Chromatographs from TO steam injection (pellet conditioner) samples. 
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Finished pellets. 
Carotenoid assay results for the finished pellets were satisfactory. The initial 
low values (Table A2b) may be a consequence of the low levels of astaxanthin and 
canthaxanthin detected in the early stages of post conditioned mash. Some mixing of the 
. finished pellets may have occurred as the pellets· fell into the cooler system which would 
. lead to aless prominent separation effect. 
Assay results of the second set of dietary subsamples taken from open bags-at 
Stewart Island showed satisfactory pigment concentrations (Table A2d) although results 
shown for Diet 5 (Table 5a) were higher than expected. 
It must be considered that feed production was carried out in a commercial feed 
. mill and that variation of ± 10% in the homogeneity of final pellets is. acceptable. 
Carotenoid analyses for diet 5 were outside these bounds for repeat assays, however only 
. 400g of CAROPHYLL Red were added to the one tonne mix. These analyses confinn 
practical difficulties of manufacturing experimental diets under commercial conditions 
where the plant is not operating at designed capacity (l tonne experimental feed batches 
manufactured as opposed to two tonne commercial batches). 
Table A2d. 
Carotenoid analysis of diets 1 to 7. 
DTI 
DTI 
DTI 
DT4 
DT5 
DT6 
DTI 
Astaxanthin 
21.0 
0.3 
39.0 
64.0 
26.0 
Canthaxanthin 
16.1 
39.0 
72.0 
21.0 
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Appendix 3.1 
Appendix 3. 
Muscle carotenoid concentrations and fish liveweight 
during salt water experimentation 
Basal carotenoid. astaxanthin and canthaxanthin concentration (Ilg/g) ±SD of the trial fish at the start of the 
experiment . 
Total carotenoids 
mean 
0.4 
0.5 
0.4 
0.5 
0.5 
0.5 
0.5 
0.7 
0.7 
0.5 
O.Sl±O.108 
Astaxanthin 
0.2 
0.2 
0.2 
0.3 
0.2 
0.2 
0.2 
0.3 
0.3 
0.2 
O.23±O.428 
Canthaxanthin 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.1 
0.1 
O.1l±O.328 
Values with common superscript number are significantly different (p<0.05). 
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Appendix 3.2 
Sample time 1. Muscle carotenoid, astaxanthin, canthaxanthin concentration (lJ.g/g) ±SD and bled weight (g) ±SD after 
30 days of experimentation. Fish 1 to 5 vertically. 
Total carotenoids Astaxanthin Canthaxanthin Weight 
DTI 1.4 0.2 0.9 485 
2.4 0.4 1.8 500 
0.6 0.3 1.5 490 
1.6 0.2 1.1 560 
1.9 0.3 1.2 535 
mean 1.58±0.67' 0028±O.OSab .1.30:l:0.35b 514:1:29 
DT2 1.7 1.1 0.4 520 
1.9 1.3 0.5 660 
1.3 0.7 0.4 505 
1.9 1.2 0.6 595 
1.8 0.9 0.5 660 
mean 1.72:1:0.25' 1.04:1:0.24a 0.48:1:0.08a 588:1:66 
DT3 1.3 0.3 0.7 515 
1.8 0.4 1.1 450 
1.1 0.2 0.6 500 
0.8 0.2 0.4 555 
1.8 0.4 1.1 600 
mean 1.36:1:0.44a 0.30:l:0.10ab 0.78:1:0.3lb 524±51 
DT4 1.9 1.6 0.2 500 
1.1 0.9 0.1 490 
2.9 2.4 0.2 560 
1.5 1.2 0.1 610 
1.9 1.6 0.2 490 
mean 1.86:1:0.67a 1.54:1:0.56b 0.16±0.OSab 530:1:48 
DT5 1.4 0.4 0.8 520 
2.4 0.5 1.5 495 
1.6 0.5 0.9 440 
1.1 0.2 0.6 525 
1.5 0.3 0.9 460 
mean 1.60:1:0.49' 0.38:1:0.l3a 0.94:1:0.13 488:1:33 
DT6 2.5 1.7 0.6 495 
1.7 1.0 0.4 540 
2.0 1.4 0.5 475 
0.9 0.3 0.3 470 
1.9 1.2 0.5 425 
mean 1.8O:l:0.58a 1.12±0.53 O.46±O.lIa 48U37 
DT7 1.8 0.9 0.6 430 
1.9 1.0 0.7 570 
1.4 0.7 0.6 480 
1.8 0.9 0.6 630 
1.9 1.0 0.7 550 
mean 1.76:1:0.21' 0.9±0.l2a 0.64±0.05a 532:1:70 
Statistical significance within saml!le time. 
Within treatments . 
Values in one line sharing superscripted numbers are significantly different (p<0.05). 
Between treatments. 
DTI DT2 DT3 DT4 DT5 DT6 
DT2 -ac 
DT3 - - c -a-
DT4 -ac -ac 
DT5 -ac -ac 
DT6 -ac -a- -ac 
DT7 -ac - a- -ac 
Key 
Letters t a c represent significant between treatment differences (p<0.05) for t = total carotenoids (lJ.g/g), a = astaxanthin 
(lJ.g/g), c = canthaxanthin (lJ.g/g). - = not significantly different 
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Appendix 3.3 
Sample time 2. Muscle carotenoid, astaxanthin, canthaxanthin concentration (jl.glg) :l:SD and bled weight (g) :l:SD after 
60 days of experimentation. Fish 1 to 5 vertically. 
Total carotenoids 
DT 1 2.2 
2.9 
1.1 
2.9 
2.2 
mean 2.26:1:0.148 
DT2 1.6 
2.0 
1.4 
2.6 
1.9 
mean 1.90:1:0.468 
DT3 1.0 
2.9 
2.2 
2.6 
2.4 
mean 2.22:1:0;738 
DT4 2.9 
4.0 
3.4 
4.0 
2.7 
mean 3.40:1:0.608 
DT5 2.0 
1.9 
1.9 
2.4 
3.4 
mean 2.32:1:0.648 
DT6 3.1 
2.7 
3.3 
3.5 
2.5 
mean 3.02:1:0.428 
DT7 3.1 
1.2 
2.6 
3.0 
2.0 
mean 2.38:1:0.798 
Astaxanthin 
0.2 
0.3 
0.1 
0.3 
.0.2 
0.22:1:0.088b 
1.1 
1.3 
1.0 
1.8 
1.3 
1.30:1:0.318 
0.1 
0.3 
0.3 
0.3 
0.3 
0.26:1:0.098b 
2.5 
3.3 
3.0 
3.5 
2.2 
2.90:l:0.54b 
0.3 
0.4 
0.2 
0.3 
0.5 
0.34:1:0.118b 
2.5 
2.1 
2.7 
2.6 
1.9 
2.36:1:0;348 
1.9 
0.7 
1.4 
1.5 
1.1 
1.32:1:0.45 
Canthaxanthin 
1.5 
2.1 
0.8 
2.1 
1.4 
1.58:1:0.55b 
0.2 
0.3 
0.2 
0.3 
0.3 
0.26:1:0.058 
0.6 
2.1 
1.4 
1.8 
1.5 
1.48:1:0.56b 
0.2 
0.2 
0.2 
0.3 
0.2 
0.22:1:0.048b 
1.3 
1.2 
1.3 
1.5 
2.3 
1.52:1:0.45b 
0.5 
0.4 
0.6 
0.5 
0.4 
.- 0.48:1:0.088 
1.2 
0.4 
1.1 
1.2 
0.7 
0.92:1:0.368 
Statistical significance within sample time. 
Within treatments. 
Values in one line sharing superscripted numbers are significantly different (p<0.05). 
Between treatments. 
DTI DT2 DTI DT4 DT5 DT6 
DT2 -ac 
DT3 - ac 
DT4 -act a - t a c 
DT5 -ac -ac 
DT6 -ac -a- -ac -ac 
DT1 -a- --c -a- -ac -a- -a-
Key 
Weight 
730 
810 
550 
760 
620 
694:1:95 
695 
705 
620 
660 
570 
650:1:50 
630 
810 
650 
665 
500 
651:1:99 
460 
570 
690 
650 
600 
594:1:79 
530 
400 
650 
690 
700 
594:1:114 
630 
680 
790 
640 
570 
662:1:73 
720 
390 
610 
510 
470 
540:1:115 
Letters t a c represent significant between treatment differences (p<O.05) for t = total carotenoids(jl.glg), a = astaxanthin 
(jl.glg), c = canthaxanthin (jl.glg). - = not significantly different. 
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Appendix 3.4 
Sample time 3. Muscle carotenoid, astaxanthin,canthaxanthin concentration (Ilg/g) :l:SDand bled weight (g) :l:SD after 
90 days of experimentation. Fish 1 to 5 vertically. 
Total carotenoids Astaxanthin Canthaxanthin Weight 
DTI 4.6 0.3 3.2 900 
4.7 0.3 3.8 1300 
4.3 0.2 2.1 760 
4.0 0.3 2.9 1100 
3.8 0.2 2.8 890 
mean . 4.22:1:0.72a . 0.26;1:0.01a .2.94:1:0.52a .930:1:203 
DT2 3.3 2.6 0.4 940 
2.2 1.5 0.3 640 
3.4 2.3 0.3 800 
1.9 1.5 0.2 780 
3.9 3.2 0.5 810 
mean 4.18:1:0.85a 2.22:1:0.73b 0.34:1:0.11ab 794:1:95 
DT3 5.4 0.5 3.9 820 
4.0 0.4 2.8 800 
5.6 0.4 4.1 1020 
4.8 0.4 2.1 840 
3.4 0.3 2.8 870 
mean 4.28:1:0.93a 0.26:1:0.07a 2.86:1:0.84a 990:1:189 
DT4 2.8 1.8 0.6 700 
6.7 4.8 1.0 550 
5.9 4.1 0.8 1120 
3.1 1.9 0.4 640 
2.5 2.9 0.5 
mean 4.46 :I:1.95a 3.10 :1:1.33 0.66:1:0.24a 753:1:219 
DT5 6.0 0.4 3.8 810 
3.8 0.2 2.9 680 
4.1 0.3 2.8 700 
6.8 0.5 4.4 780 
4.4 0.4 2.8 560 
mean 5.02:l:1.31a 0.36:1:0.11a 3.34:1:0.73a 706:1:88 
DT6 6.1 5.1 0.7 900 
2.8 1.8 0.4 590 
3.9 2.9 0.5 940 
6.2 5.1 0.7 1020 
4.0 2.6 0.5 950 
. mean 4.60:I:1.50a 3.50:l:1.52b 0.56:1:0.13ab 880:1:150 
DT7 5.1 3.1 1.9 1140 
5.6 2.6 1.6 780 
5.4 2.9 1.8 960 
2.8 1.5 1.2 740 
3.2 1.5 1.4 740 
mean 4.42:1:1.32ab 2.32:1:0.77a 1.58:1:0.29b 872:1:157 
Statistical significance within samEie time. 
Within treatments. 
Values in one line sharing superscripted numbers are significantly different (p<0.05) . 
Between treatments . 
DTI DT2 DTI DT4 DT5 DT6 
DT2 -ae 
DT3 -ae 
DT4 -ae 
- - e - a-
DT5 -ae -a-
DT6 -ae -ae --c -ac 
DT7 -ae -a- --c -ae 
Key 
Letters t a e represent significant between treatment differences (p<0.05) for t = total carotenoids (lAg/g), a = astaxanthin 
(Ilg/g), e = eanthaxanthin (Ilg/g). - = not significantly different 
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Appendix 3.5 
Sample time 4. Muscle carotenoid, astaxanthin, canthaxanthin concentration (p.glg) :l:SD and bled weight.(g) :l:SDafter _ 
120 days of experimentation. Fish 1 to 5 vertically. 
Total carotenoids 
DT 1 3.60 
3.70 
5.20 
5.00 
3.00 
mean 4.10:l:0.95a 
- DT2 1.60 
2.80 
3.30 
3.70 
2.90 
mean 2.86:1:0.79a 
DT3 3.30 
5.30 
3.80 
3.90 
3.50 
mean 3.96:1:0.79a 
DT4 4.20 
5.00 
3.50 
5.50 
4.30 
mean 4.50:l:0.77aO 
DT5 4.10 
4.30 
5.50 
4.80 
4.80 
mean 4.70:l:0.54a 
DT6 5.40 
4.90 
3.70 
5.30 
3.60 
-mean4.58:1:0.87a 
DT7 4.90 
7.10 
5.80 
4.10 
5.60 
mean 5.50:l:1.12a 
Astaxanthin 
0.30 
0.20 
0.30 
0.40 
0.10 
0.26:1:0.11ab 
1.10 
2.30 
2.70 
2.90 
2.30 
2.26:1:0.70b 
0.30 
0.70 
0.40 
0.40 
0.40 
0.44:1:0.15a 
3.10 
3.70 
2.60 
4.00 
3.20 
3.32:1:0.55a 
0.60 
0.40 
0.70 
0.40 
0.60 
0.54:1:0.13a 
4.50 
4.10 
3.00 
4.40 
2.80 
3.76:1:0.SOb 
2.90 
4.70 
3.30 
2.30 
3.70 
3.38:1:0.9Oa 
Canthaxanthin 
2.70 
2.70 
3.70 
3.60 
2.00 
2.94:1:0.71b 
0.20 
0.20 
0.20 
0.20 
0.20 
0.2O:l:0.OOab 
2.50 
3.90 
2.90 
2.90 
2.50 
2.94:1:0.57a 
0.60 
0.70 
0.50 
0.70 
0.60 
0.62:1:0.08a 
2.80 
3.20 
4.20 
3.40 
3.10 
3.34:1:0.53a 
0.50 
0.50 
0.40 
0.60 
0.40 
0.50:l:0.08ab 
1.30 
1.90 
1.70 
1.40 
1.50 
1.56:1:0.24a 
-, Statistical significance within sample time. 
Within treatments. 
Values in one line sharing superscripted numbers are significantly different (p<0.05). 
Between treatments. 
DT1 DT2 DT3 DT4 DT5 DT6 
DT2 - ac 
DT3 -ac 
DT4 -act - - - a c 
DT5 tac -ac 
DT6 -ac ta- -ac -ac 
DT7 -ac t-c tac --c -ac --c 
Key 
Weight 
1340 
1040 
1120 
1110 
1200 
1162:1:102 
1120 
780 
990 
1110 
1020 
1004:1:120 
930 
1150 
950 
1110 
1130 
1054:1:94 
1060 
760 
930 
1020 
840 
922:1:111 
680 
850 
940 
820 
860 
830:1:85 
950 
1190 
1100 
940 
810 
998:1:133-
800 
980 
790 
960 
990 
904:1:90 
Letters t a c represent significant between treatment differences (p<0.05) for t = total carotenoids (p.glg), a = astaxanthin 
(p.glg), c = canthaxanthin (p.glg). - = not significantly different 
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Appendix 3.6 
Sample time 5. Muscle carotenoid.astaxanthin, canthaxanthin concentration (~g/g) :l:SD and bled weight (g) .:l:SD after 
150 days of experimentation. Fish 1 to 5 vertically. 
Total carotenoids Astaxanthin Canthaxanthin Weight 
DT 1 4.70 0.60 3.60 1540 
5.00 0.40 3.60 2050 
2.80 0.30 1.80 1180 
3.30 0.20 2.40 1540 
2.40 0.10 1.50 1220 
mean 3.64 :I:1.16a 0.32:1:0.19ab 2.58:1:0.99b 1506:1:349 
DT2 3.10 2.40 0.20 1370 
4.30 3.50 0.20 1300 
3.80 3.10 0.20 1480 
1.40 1.10 0.10 1220 
3.60 3.00 0.20 1220 
mean 3.24:1:1.128 2.62:1:0.94b 0.18:1:0.048b 1318:1:110 
DT3 3.20 0.50 2.10 800 
3.30 0.40 2.00 
3.70 0.70 2.40 1360 
3.20 0.60 2.10 1090 
2.70 0.50 1.70 940 
mean 3.22:1:0.36a 0.54:1:0.118 1.06:1:0.25a 1048:1:250 
DT4 3.90 2.90 0.60 1810 
4.20 3.30 0.60 1400 
4.80 3.80 0.70 1220 
3.20 2.30 0.40 1150 
2.80 2.10 0.40 1530 
mean 3.78:1:0.808 2.88:1:0.70b 0.54:1:0.13ab 1422:1:263 
DT5 4.00 0.60 2.60 1400 
4.90 0.80 3.30 1160 
3.80 0.60 2.60 1760 
4.40 0.60 2.90 1630 
4.60. 0.70 2.70 1330 
mean 4.34:1:0.458 0.66:1:0.098 2.82:1:0.JOB 1456±239 
DT6 2.80 2.10 0.40 1240 
3.80 3.20 0.40 1260 
3.60 3.00 ·0.40 1600 
4.40 3.30 0.60 1160 
1.70 1.30 0.20 1000 
. mean 3.26:1:1.04a 2.58:1:0.86b •. 0.40:l:0;148b . 1252:1:220 
DT7 not analysed 2.10 0.90 900 
not analysed 1.80 0.90 900 
not analysed 3.60 1.80 1210 
not analysed 1.00 0.80 860 
not analysed 3.10 0.30 900 
mean not analysed 2.32:1: 1.04 a 1.14:t0.548 954:1:144 
Statistical significance within sam~le time. 
Within treatments. 
Values in one line sharing superscripted numbers are significantly different (p<O.05). 
Between treatments. 
DT1 DT2 DT3 DT4 DT5 DT6 
DT2 -ac 
DT3 -ac 
DT4 -ac -ac 
DT5 -ac -ac 
DT6 -ac -ac -ac 
DT7 -a-
- - c - a- - - c -a-
Key 
Letters t a c represent significant between treatment differences (p<0.05) for t = total carotenoids (~g/g), a = astaxanthin 
(~g/g), c = canthaxanthin (~g/g). - = not significantly different 
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Appendix 3.7 
Sample time 6. Muscle carotenoid, astaxanthin, canthaxanthin concentration (",gig) :l:SDand bled.weight (g) :l:SD after 
180 days of experimentation. Fish 1 to 5 vertically. 
Total carotenoids . Astaxanthin Canthaxanthin Weight 
DT 1 3.10 0.30 1.90 1600 
2.10 0.10 1.30 2200 
3.30 0.40 2.10 1420 
2.90 0.20 1.80 1300 
4.70 0.50 3.10 1660 
meaD 3.22:1:0.94a 0.30:l:0.16ab 2.04:1:0.66b 1636:1:346 
DT2 3.10 2.50 0.20 1520 
0.90 0.50 0.10 1420 
2.70 2.30 0.20 1860 
3.50 2.50 0.30 1140 
3.40 2.80 0.10 1900 
meaD 2.72:1:1.06a 2.12±0.92b 0.18:1:0.08ab 1568:1:317 
DT3 2.60 0.40 1.40 1720 
4.50 0.70 2.80 1360 
3.00 0.50 1.80 1660 
4.80 0.90 3.00 2000 
3.20 0.70 1.90 1870 
meaD 3~62±0.97a 0.64:1:0.19a 2.18:1:0.69a 1725:1:242 
DT4 2.80 2.00 0.50 1200 
3.50 2.60 0.60 1430 
4.00 3.10 0.60 820 
3.40 2.30 0.60 1600 
2.50 1.80 0.40 960 
meaD 3.24:1:0.59a 2.36:1:0.51a 0.54:1:0.09a 1202:1:322 
DT5 2.40 0.20 1.60 1200 
3.60 0.50 2.00 1480 
4.40 0.80 2.90 1500 
4.20 0.40 2.60 1400 
2.20 0.40 1.40 1330 
meaD 3.36 :1:1.01 a 0.46:1:0.22ab 2.10:l:0.64b 1582:1:122 
DT6 3.70 2.30 0.30 1380 
3.70 2.70 0.40 1690 
3.40 2.30 0.40 1300 
2.60 1.80 0.30 1170 
4.90 3.30 0.50 1930 
meaD -. 3.66:1:0.83a . . 2.48:1:0.56a 0.38:1:0.08a -1494:1:310 . 
DT7 4.30 2.50 1.30 1580 
2.50 1.40 0.80 1230 
5.30 3.30 1.50 710 
4.80 2.80 1.50 1500 
6.40 3.40 1.70 2200 
meaD 4.66 :I:1.44ab 2.68:1:0.8Oa 1.36:1:0.34b 1444:1:543 
Statistical significance within samEle time. 
Within treatments. 
Values in one line sharing superscripted numbers are significantly different (p<0.05). 
Between treatments. 
DTI DT2 DT3 DT4 DT5 DT6 
DT2 -ac 
DT3 -ac 
DT4 -ac -ac 
DT5 -ac -ac 
DT6 - a- -ac -ac 
DT7 -a- t - c -ac - - c -a- - - c 
Key 
Letters t a c represent significant between treatment differences (p<0.05) for t = total carotenoids (",gig), a = astaxanthin 
(",gig), c = canthaxanthin (",gig). - = not significantly different. 
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Appendix 3.8 
Sample time 7. Muscle carotenoid,astaxanthin, canthaxanthinconcentration (lAg/g) tSDand bled-weight (g) tSD after 
240 days of experimentation. Fish 1 to 5 vertically. 
Total carotenoids 
DT 1 5.90 
3.20 
6.70 
5.80 
2.80 
mean 4.88:t1.768 
DT2 5.20 
7.20 
5.10 
9.20 
6.60 
mean 6.66:t1.688 
DT3 6.50 
5.30 
4.40 
1.30 
3.00 
mean 3.96t2.028 
DT4 9.10 
7.30 
4.80 
7.30 
8.00 
mean 7.30t1.588 
DT5 6.00 
5.50 
4.40 
3.60 
4.80 
mean 4.86tO.948 
DT6 4.60 
5.70 
2.50 
5.40 
5.30 
- mean 4.70:t1.298 
DT7 10.20 
8.30 
7.70 
6.60 
11.20 
mean 8.80:t1.87ab 
Astaxanthin 
0.60 
0.30 
0.50 
0.60 
0.30 
0.46tO.158b 
4.70 
6.60 
4.40 
8.20 
5.70 
5.92tl.54b 
1.00 
0.60 
0.20 
0.10 
0.40 
0.44tO.368 
7.90 
5.40 
3.80 
5.90 
7.00 
6.00:t1.57b 
0.80 
0.40 
0.70 
0.40 
0.60 
0.58tO.188 
3.50 
4.90 
2.00 
4.40 
4.40 
3.84:tl.15b 
5.30 
4.50 
3.80 
1.80 
6.10 
4.90:t1.648 
Canthaxanthin 
4.10 
2.20 
4.80 
4.20 
1.90 
3.28:t1.30b 
0.10 
0.20 
0.20 
0.20 
0.30 
0.20tO.078b 
4.50 
3.70 
3.30 
0.80 
1.90 
2.84:t1.48 
0.50 
0.40 
0.40 
0.50 
0.50 
0.46 t 0.OS8b 
3.90 
4.10 
3.10 
2.50 
3.50 
3.42tO.64a 
0.30 
0.40 
0.20 
0.40 
0.30 
0.32tO.OS8b 
3.50 
2.60 
2.80 
2.20 
3.80 
2.98tO.66b 
Statistical significance within sample time. 
Within treatments. 
Values in one line sharing superscripted numbers are significantly different (p<O.05). 
Between treatments. 
DTI DT2 DT3 DT4 DT5 DT6 
DT2 -ac 
DT3 -ac 
DT4 - ac tac 
DT5 -ac -ac 
DT6 -ac -a- -ac -a- -ac 
DT1 ta- --c ta- --c ta- t-c 
Key 
Weight 
2290 
1720 
2280 
1140 
1180 
1682t503 
1960 
1600 
1700 
1990 
1510 
1752tl92 
2280 
1420 
1400 
1575 
1260 
1587t361 
1410 
1760 
1760 
2100 
1580 
1722 t 229 
2080 
1060 
1530 
1840 
1180 
1538t385 
1540 
1430 
1780 
1420 
1690 
1572:t142 
1210 
1860 
1590 
1270 
1680 
1522t247 
Letters t a c represent significant between treatment differences (p<0.05) for t = total carotenoids (lAg/g), a = astaxanthin 
(lAg/g), c = canthaxanthin (lAg/g). - =not significantly different. 
Appendix 4. 
Colorimetry data 
Key for Appendix 4.1 to Appendix 4.47 
Abbreviation Key 
DT Dietary group (period· 1) 
Fl Fish 1 (per 5 fish sample) 
F2 Fish 2 (per 5 fish sample) 
F3 Fish 3 (per 5 fish sample) 
F4Fish 4 (per 5 fish sample) 
F5 . Fish 5 (per 5 fish sample) 
D Dorsal sample site 
C Caudal sample site 
V Visceral flap sample site 
Missing value * 
x Tristimulus x 
y Tristimulus y 
z Tristimulus z 
L HunterL 
a 
b 
L* 
* a 
b* 
:tSEM 
Hunter a 
Hunterb 
CIE-(1976) L * 
CIE-(1976) a * 
CIE-(1976) b * 
:t Standard error of quadruplicate readings 
(four orientations = quadruplicates) 
* note: Visceral flap was often too small to measure. 
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Appendix 4.2 
Ot 1 Sample time 1 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L * ±SEM a * ±SEM b * ±SEM 
FlO 27.75±2.03 26.74±2.08 18.31±2.02 51.63±1.92 8.41 ±O.41 12.49±0.35 58.64± 1.84 9.85±O.51 17.96±O.83 
F1C 26.83±O.80 25.77±O.87 16.85±O.95 50.74±O.85 8.57±0.38 13.26±0.41 57.79±O.83 10.08±0.47 19.44±O.83 
F1V 
F20 26.46±1.54 24.13±1.69 14.97±1.76 49.09±1.75 13.23±O.84 13.86±O.71 56.17±1.73 15.47±1.08 20.91±1.55 
F2C 20.28±O.93 18.50±O.86 11.36±0.49 43.00±1.00 11.56±0.45 12.29±O.36 50.08±1.02 14.12±O.50 19.37±O.45 
F2V 
F30 
F3C 
F3V 
F40 27.29±2.44 26.15±2.82 17.01±3.27 51.06±2.69 8.91±1.22 13.50±O.93 58.08±2.57 10.47±1.53 19.90±2.07 
F4C 25.16±0.48 23.70±O.32 14.83±O.25 48.67±O.33 10.05±O.62 13.55±O.63 55.77±O.32 11.90±O.69 20.39±1.07 
F4V 
F50 26.63±1.80 25.05±1.96 15.61±2.12 49.97±1.87 1O.47±O.61 14.02±O.57 57.03±1.81 12.30±O.81 21.01±1.40 
F5C 27.72±O.27 26.35±O.29 16.61±0.33 51.31±O.29 9.69±O.21 14.14±O.18 58.34±O.28 1l.32±O.24 20.86±O.35 
F5V 
" 
, 
I· I 
~" 
. '.
. ~. 
.' , 
1 
1 ~ ~ 
" " . 
,',', ' " ~ , 
" 
" I:. 
'. 
" '. ~ ~ , . 
, .
'. 1 
~ ,. 
, . 
. ~ 
~ 
:: 
", ~ 
~ 
Appendix 4.4 
Dt 3 Sample time 1 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*±SEM a*±SEM b*±SEM 
FID 20.58±0.62 20.15±0.64 14.32±0.39 44.86±0.70 6.12±0.12 10.04±0.40 51.98±0.70 7.55±0.16 14.93±0.60 
FIC 18.51±0.38 18.21±0.36 13.01±0.21 42.67±0.41 5.31±0.22 9.46±0.38 49.74±0.42 6.67±0.27 14.30±0.60 
F:IV 
F2D 18.6l±1.18 17.48±1.24 11.49±1.02 41.80±1.47 8.85±0.34 1O.81±0.1O 48.84±1.52 11.02±0.50 16.87±0.22 
F2C 16.40±1.05 15.58±0.90 10.47±0.45 39.46±1.13 7.49±1.03 9.83±0.60 46.4l±1.19 9.54±1.21 15.52±0.91 
F2V 
F3D 26.77±0.45 26.17±0.51 17.52±0.56 51.14±0.50 6.95±0.19 12.84±0.17 58.18±0.49 8.21 :1:0.24 18.63 ±0.36 
F3C 24.42± 1.97 23.66± 1.96 15.19± 1.44 48.61± 1.98 7.44±0.23 13.04±0.30 55.70±1.94 8.91±0.22 19.49±0.14 
F3V 
F4D 22.03±1.25 22.21±1.25 17.03±0.67 47.08±1.34 3.76±0.09 8.96±0.78 54.19± 1.33 4.62±0.08 12.82± 1.10 
F4C 17.94±0.48 18.00±0.51 12.66±0.52 42.42±0.59 3.72±0.06 9.77±0.18 49.49±0.61 4.71±0.10 14.87±0.38 
F4V 
F5D 21.13±0.99 20.14±1.10 14.04±0.68 44.86±1.21 8.23±0.51 1O.47±0.44 51.98±1.22 1O~06±0.68 15.68±0.59 
F5C 19.58±0.37 18.69±0.39 12.75±0.33 43.23±0.44 7.80±0.22 10.50±0.14 50.31±0.44 9.66±0.28 16.03±0.24 
F5V 
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Appendix 4.6 
Dt 5 Sample time 1 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*±SEM a*±SEM b*±SEM 
F1D 19.46±O.69 18.54±O.72 12.78±0.58 43.0S±O.84 7.90±O.17 1O.28±O.21 50.13±O.86 9.80±0.26 15.66±O.32 
FIC 19.18±O.77 18.51±O.79 12.32±O.55 43.02±O.90 6.89±O.17 1O.91±O.22 SO.1O±O.92 8.S8±O.24 16.81±O.26 
FIV 
I 
F2D 19.30±O.54 17.84±0.48 11.21±O.29 42.22±O.56 1O.25±O.21 11.67 ±O.29 49.28±O.57 12.66±O.21 18.39±O.46 
F2C 17.84±O.09 16.76±O.06 1O.31±O.02 40.90±O.O8 8.S6±O.23 11.62±0.13 47.92±O.08 IO.74±O.27 18.62±O.25 
F2V 
F3D 17.82±O.26 16.28±O.24 1O.74±O.17 40.34±O.31 1O.74±O.18 10.38±O.22 47.32±0.32 13.41±O.21 16.38±O.37 
F3C 15.2S±0.20 14.0S±O.23 9.27±O.23 37.S0±O.31 9.34±O.20 9.62±O.12 44.32±0.33 11.98±O.26 15.55±O.24 
F3V 
F4D 19.67±O.73 18.94±O.77 12.90±O.51 43.44±O.79 7.35±O.31 1O.54±O.15 50.53±O.80 9.1O±0.33 16.06±O.13 
F4C 20.68±O.92 19.95±O.99 13.78±O.80 44.65± 1.12 7.14±0.39 1O.63±O.13 51.76±1.13 8.78±O.51 16'()o±O.16 
F4V 
F5D 17.26±0.30 16.50±O.31 11.50±0.30 40.62±O.37 7.22±O.18 9.50±O.15 47.63±O.38 9~13±O.23 14.71±O.27 
F5C 16.44±O.67 15.91±O.58 1O.87±O.16 39.89±O.71 6.16±O.43 9.67±O.66 46.8S±O.74 7.87±O.50 15.16±1.09 
F5V 
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Appendix 4.8 
Dt 7 Sample time 1 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L * ±SEM a * ±SEM b * ±SEM 
FID 17.56±0.57 16.63±0.51 11.55 ±0.28 40.77 ± 0.62 7.98±0.34 9.59±0.28 47.78±0.65 10.04±0.38 14.84±0.39 
F1C 16.26±0.43 15.46±0.41 1O.50±0.35 39.31±0.51 7.41±0.13 9.59±0.04 46.24±0.54 9.46±0.15 15.11±0.07 
FlY 
F2D 
F2C 
F2Y 
F3D 18.11±0.60 17.29±0.66 12.75±0.57 41.60±0.78 7.47±0.27 8.70±0.04 48.64±0.80 9.37±0.38 13. 14±0.08 
F3C 19.70±0.72 19.05±0.63 13.54±0.53 43.64±0.72 6.78±0.40 9.83±0.13 50.74±0.73 8.41±0.45 14.78±0.19 
F3Y 
F4D 20.36±1.13 19.19±1.14 13.10±1.07 43.79±1.31 8.97±0.07 10.66±0.14 50.88±1.34 11.02±0.17 16.22±0.45 
F4C 18.20±0.24 17.32±0.23 11.70±0.27 41.62±0.27 7.75±0.22 10.28±0.26 48.66±0.28 9.71±0.27 15.92±0.47 
F4Y 
F5D 18.84±0.52 17.43±0.55 11.52±0.23 41.76±0.74 1O.02±0.16 10.71±0.37 48.81±0.77 12A2±0.25 16~69±0.54 
F5C 19.96±1.69 19.03±1.71 13.06± 1.22 43.59± 1.95 7.96±0.18 10.48±0.42 50.67±1.99 9.83±0.29 15.91 ±0.40 
F5Y 
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Dt 2 Sample time 2 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*±SEM a*±SEM b*±SEM 
F1D 18.15±0.20 16.25±0.22 9.33±0.21 40.31±0.26 12.39±0.09 12.50±0.04 47.30±O.27 15.37±O.13 20.55±O.17 
F1C 16.95±O.50 15.37±O.43 8.75 ±0.27 39.21 ±O.55 l1.00±O.4l 12.29±O.45 46.14±O.58 13.83±0.46 20.43±0.83 
F1V 
F2D 18.1O±0.54 16.22±0.48 9.96±0.15 40.27±O.60 12.24±O.20 11.5l:t0.43 47.25±O.62 15.19±O.18 18.55±0.70 
F2C 16.97±O.85 15.29±O.87 8.75±O.58 39.08±1.1O 11.48±0.23 12.19±0.22 46.00±1.15 14.41±O.38 20.26±O.13 
F2V 31.50±2.84 29.36±2.83 20.71±2.41 54.12±2.56 12.26±0.25 12.37±0.27 61.02±2.41 13.97±0.38 17.35±O.41 
F3D 19.96±1.52 18.41±1.45 1l.36±0.88 42.87±1.68 10.59±0.23 12.15±0.52 49.94±1.72 12.99±0.18 19.14±0.62 
F3C 19.05±0.82 17.82±0.76 1O.90±0.43 42.22±0.89 9.27±0.26 12.13±0.30 49.28±0.91 11.49:1:0.23 19.27±0.36 
F3V 36.94±1.20 35.53±1.06 26.39±0.96 59.60±0.88 9.86±0.46 12.24±0.08 66.14±0.81 1O.99±0.45 16.36±0.15 
F4D 21.13±2.08 19.41±2.33 12.88±2.71 44.02±2.68· 11.32±1.20 11.30±0.90 51.1O±2.71 13.77±1.62 17.43±2.14 
F4C 17.64±0.52 15.93±0.42 9.18±0.15 39.91±0.53 11.5l:t0.52 12.33±0.35 46.88±O.56 14.37±0.57 20.30±0.58 
F4V 35.85±O.23 33.62±0.40 23.95±1.02 58.00±0.34 12.40±O.78 13.01±0.75 64.67±O.31 13.84±O.86 17.79±1.24 
F5D 19.03±O.30 16.64±0.27 8.90±0.17 40.76±O.32 14.48±0.15 13.64±0.07 47.77±O.33 17.74±O.17 22.78±0.08 
F5C 16.80±0.39 15.41±O.39 9.06±0.31 39.25±O.50 1O.09±0.16 11.84±O.20 46.18±O.53 12~73±O.21 19.50±O.39 
F5V 31.98±0.48 29.98±O.27 20.75±O.35 54.77±O.26 11.78±0.81 13.01±O.56 61.65±O.24 13.40±O.87 18.27±0.89 
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Appendix 4.12 
Dt 4 Sample time 2 
x±SEM y±SEM z±SEM L±SEM a±SEM * * * b±SEM L ±SEM a ±SEM b ±SEM 
F1D 15.83±0.20 13.63±0.18 7.73±0.08 36.92±0.25 14.27±0.15 11.62±0.13 43.70±0.27 17.97±0.16 19.73±0.21 
FIC 18.49±0.34 16.69±0.22 10.41±0.64 40.85±0.28 11.81±1.19 11.41±0.83 47.87±0.29 14.61 ± 1.41 18.26±1.62 
F2D 19.32±0.94 16.oo±0.91 7.94±0.71 39.97±1.14 18.84±0.30 14.34±0.24 46.94±1.20 22.80±0.46 24.63±0.66 
F2C 17.59±0.65 14.91±0.69 7.92±0.58 38.61±0.89 16.23±0.47 13.03±0.09 45.50±0.94 2O.04±0.64 22.23±0.45 
F2Y 31.69±0.49 25.77±4.51 18.49±0.43 53.15±0.41 16.71±0.32 13.87±0.33 60.12±0.39 18.87±0.34 20.02±0.56 
F3D 20.58±1.28 17.34±1.32 8.76±1.1O 41.59±1.57 18.06±0.53 14.72±0.11 48.62±1.61 21.71±0.80 24.87±0.78 
F3C 19.41±0.46 16.62±0.38 8.55±0.15 40.76±0.46 16.26±0.29 14.16±0.24 47.77±0.48 19.77±0.26 23.92±0.36 
F3V 32.67±0.51 29.92±0.43 21.36±0.78 54.69±0.39 14.27±1.1O 12.22±0.76 61.58±0.36 16.11±1.19 17.0l±1.22 
F4D 20.04±0.63 16.58±0.6O 8.05±0.39 4O.72±0.72 19.29±0.08 14.87±0.26 47.72±0.75 23.20±0.19 25.52±0.49 
F4C 17.71±0.05 14.86±0.09 7.63±0.20 38.54±0.11 17.04±0.31 13.43±0.21 45.43±0.12 20.97±0.36 23.13±0.52 
, 
F4V 32.21 ±0.46 28.53±0.21 19.09±0.30 53.41±0.20 17.55±0.82 13.41±0.55 60.36±0.19 19.74±0.86 19.17±0.~0 
F5D 20.19±2.44 17.94±2.53 10.48±2.35 42.11±3.09 13.67±0.75 12.94±0.37 49.29±3.05 16.65±1.18 20.98±1.56 
F5C 19.01±0.60 17.19±0.6O 9.41±0.42 41.42±0.73 11.86±0.19 13.53±0.12 48.46±0.75 14.63±0.26 22.34±0.12 
F5V 33.31±0.58 31.01±0.37 22.06±0.16 55.69±0.34 12.70±0.71 12.55±0.24 62.52±0.32 14.33±0.74 17.37±0.34 
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Appendix 4.14 
Dt 6 Sample time 2 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L * ±SEM a * ±SEM b * ±SEM 
FID 18.33±0.33 16.37±O.33 9.14±O.29 40.46±O.41 12.60±O.22 12.95±0.22 47.45±O.43 15.59±0.28 21.42±OA8 
FIC 18.44±O.67 16.78±O.62 9.44±O.34 40.94±O.75 11.22±0.17 12.99±O.26 47.96±O.78 13.92±O.15 21.35±O.32 
FIV 31.91±2.18 30.80±2.21 21.19±1.51 55.44±1.94 8.92±O.12 13.26±O.44 62.27±1.81 10.21±O.1O 18.57±OAO 
F2D 
F2C 16.94±O.31 15.39±O.25 8.95±O.13 39.24±0.30 1O.82±O.29 12.00±0.18 46.17±O.32 13.61±0.33 19.82±O.29 
F2V 
F3D 22.05±0.35 19.90±0.33 10.63±O.23 44.60±0.37 12.96±O.11 14.94±O.15 51.71±O.37 15.58±O.13 24.22±O.25 
F3C 19.34±OAI 17.50±O.39 9.62±0.26 41.81±OA7 11.91±O.13 13.61±0.14 48.86±OA9 14.64±O.13 22.37±O.23 
F3V 36.21±1.16 34.45±1.16 24.42±1.13 58.68±O.99 10.97±O.1O 13.3l±O.13 65.30±O.91 12.26±O.12 18.15±O.32 
F4D 19.36±O.26 17.12±O.25 9.55±O.27 41.37±0.32 13.70±O.27 13.26±0.18 48.40±O.33 16.77±O.32 21.78±O.42 
F4C 19.41±O.24 17.62±O.22 10.07±O.21 41.97±O.26 11.68±O.23 13.09±O.23 49.03±0.27 14.35±O.26 21.25±O.45 
F4V 35.10±O.52 32.79±O.39 23.55±O.29 57.27±0.33 12.72±O.56 12.66±O.36 63.99±O.30 14.24±O.58 17.31±O.54 
F5D 18.90±1.38 16.09±1.30 8.07±O.76 40.06±1.58 16.51±0.30 14.26±O.55 47.02±1.65 20.16±0.43 24.41±O.82 
F5C 17.82±O.41 15.59±O.34 8.42±O.09 39.49±0.42 13.95±0.30 13.08±O.38 46.43±O.44 17.28±O.31 22.02±O.68 
F5V 32.54±1.01 30.27±1.18 21.24±1.53 55.02±1.07 12.67±O.63 12.73±O.53 61.88±1.01 14.36±O.76 17.80±l.OO 
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, 
'" f 
.~ 
" 
"' .~ 
~ 
1 ~ , 
" ~ 
Dt 3 Sample time 3 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L * ±SEM a * ±SEM b * ±SEM 
F1D 21.43±O.38 18.18±O.31 8.25±O.09 42.64:tO.36 17.80±O.24 16.43±O.21 49.71±O.37 21.26±O.22 28.29±O.32 
F1C 19.70±O.20 17.1O±O21 8.38±0.30 41.36±O.25 15.29±0.34 14.98±O.2.5 48.39±O.26 18.60±0.40 25.51 ±O.63 
F1V 30.76±O.30 27.95±O.15 17.86±0.32 52.87±O.14 14.6l±O.53 14.28±O.50 59.84±O.14 16.63±O.56 20.79±O.84 
F2D 24.25±0.39 21.16±O.27 9.88±O.15" 45.99±O.29 16.52±0.40 17.34±O.08 53.11±O.29 19.44±0.41 28.88±O.O5 
F2C 21.64±0.54 19.19±O.47 9.77±O.27 43.80±O.54 14.28±0.42 15.35±0.48 50.90±O.55 17.16±0.46 25.39±O.88 
F2V 34.18±O.30 31.53±0.33 18.96±0.36 56.16±O.30 13.85±O.19 16.48±O.11 62.96±O.28 15.53±O.23 23.92±O.25 
F3D 22.85±0.47 20.20±0.49 1O.29±0.37 44.95±O.54 14.88±O.25 15.76±O.09 52.07±O.55 1'7.74±0.32 25.83±O.23 
F3C 19.84±O.22 17.43±O.19 9.01±O.14 41.74±O.22 14.40±O.15 14.43±O.31" 48.79±O.23 17.,54±O.15 24.14±O.62 
F3V 32.14±1.05 29.15±O.88 17.23±O.56 54.07:tO.74 15.24±O.55 15.94±O.65 6O.99±O.70 17.21±O.55 23.47±1.07 
F4D 23.69±O.75 20.61±O.73 1O.1O±0.35 45.38±O.81 16.58±O.11 16.46±O.31 52.50±O.81 19.56±O.19 27.18±O.36 
F4C 21.26±O.17 19.06±O.13 10.06±0.39 43.66±O.15 13.25±O.54 14.80±O.50 50.76±O.15 16~01±O.62 24.26:t1.07 
F4V 33.04±0.35 30.00±0.34 18.21±O.29 54.79±O.28 15.20±O.09 15.88±Q.03 61.67±O.26 17.1O±O.07 23.18:tO.09 
F5D 22.25±2.04 19.22±2.06 1O.17±1.74 43.82±2.32 16.72±O.50 14.85±O.21 50.90±2.34 19.92±O.83 24.37±1.06 
F5C 19.56±O.62 17.28±O.12 8.83±0.15 41.46±O.19 14.97±0.34 15.32±1.40 48.50±O.20 18".23±O.37 24.56:tO.46 
F5V 30.70:t1.11 28.01±1.37 18.30±1.74 52.89±1.30 14.22±1.00 13.84±O.63 59.86±1.24 16.22±1.20 20.04±1.31 
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Appendix 4.18 
Dt 6 Sample time 3 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L * ±SEM a * ±SEM b * ±SEM 
: 
FID 21.29±0.33 17.50±O.25 8.41±O.06 41.86±O.35 20.44±O.30 15.41±O.31 48.91±0.37 24.29±O.28 26.28±O.57 
FIC 21.33±O.59 17.87±O.42 8.33±O.13 42.28±O.50 18.84±O.59 15.95±O.30 49.34±O.51 22.47±O.58 27.33±OA7 
,F 1 V 30A6±1.65 27.79±1.56 18.15±1.32 52.69±1.46 14.15±O.20 13.78±O.10 59.67±1.39 16.16±O.14 19.95±O.29 
F2D 25.10±O.90 23.36±O.99 15.10±1.60 48.32±1.03 11.1O±O.68 12.85±1.13 55.42±1.01 13.1~±O.83 19.28±2.26 
F2C 23.41±O.38 21.97±0.36 13.52±0.37 46.86±O.39 1O.OO±OAO 13.34±O.35 53.99±0.38 11.98±OA7 20.43±O.65 
F2V 34.16±O.37 32.60±O.21 23.21±OA3 57.09±O.19 1O.31±O.55 12.82±O.64 63.83±O.17 11.63±O.59 17.62±O.98 
, 
F3D 24.56±O.29 21.93±O.31 11.95±0.33 46.82±O.33 14.60±O.38 15.39±O.14 53.95±O.33 17.21±OA3 24.42±O.36 
F3C 23.55±O.23 21.37±O.15 11.66±O.05 46.22±O.16 12.90±0.35 15.16±O.18 53.34±O.16 15.35±O.39 24.15±O.32 
F3V 31.54±1.48 29.34±1.55 19.46±1.68 54.14±1.43 12A5±0.33 13.83±O.39 61.05±1.35 14.19±OA6 19.77±O.92 
F4D 20.29±2.37 16.66± 1.99 7.60±O.83 40.74±2.42 19.96±O.97 15.63±1.05 47.72±2.52 23.93±O.72 27.28±1.38 
F4C 18.53±O.25 15.56±O.18 7.58±O.26 39.54±O.22 17.26±0.43 14.21±O.07 46.49±O.23 21.07±O.45 24.49±O.O8 
F4V 30.90±0.36 27.93±O.29 18.61±O.77 52.85±O.28 15.17±1.19 13.38±O.78 59.82±O.26 17.23±1.29 19.24±1.33 
F5D 26.53±O.66 22.85±O.74 12.52±O.67 47.87±O.78 18A3±O.54 15.61±O.14 54.98±O.77 21.3i±o.67 24.54±OA8 
F5C 21.07±O.75 19.00±O.75 11.2S±O.84 43.49±O.71 12.72±O.14 13.08±O.29 50.58±O.72 15.42±O.18 20.81±O.72 
F5V 33.77±0.37 30.11±0.37 20.07±OA7 54.85±O.34 17.19±O.12 13.85±O.15 61.73±O.32 19~22±O.14 19.66±O.32 
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Dt 1 Sample time 4 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*±SEM a*±SEM b*±SEM 
F1D 23.77±1.25 21.12±1.28 11.29±1.00 45.94±1.39 14.79±0.42 15.41±0.07 53.06±1.39 17.52±0.59 24.75±0.37 
F1C 21.85±1.43 19.34±1.28 9.55±0.58 43.96±1.46 14.50±0.51 15.82±0.76 51.06±1.48 l7.39±0.46 26.33±1.19 . . 
FlV 31.95±0.97 29.20±0.81 l8.96±0.85 53.98±0.70 14.39± 1.53 14.22±0.91 60.90±O.66 l6.29± 1.65 20A6± 1.49 
F2D 21.82± 1.16 19.90± 1.12 12.33±0.74 44.66± 1.18 12.03±0.16 12.59±0.34 51.78±1.19 14.51±0.16 19.55±OAO 
F2C 22.28±1.51 20.13±1.75 12A9±1.82 44.87±1.94 13.02±1.32 12.69±0.58 51.97±1.96 15.64±1.67 19.75±1.48 
F2V 
F2V 28.21±1.54 24A7±1.29 13.35±0.79 49.35±1.21 18.35±O.75 16.12±0.59 56.44±1.18 21.03±O.67 25.11±O.95 
F3C 25A3±027 22.69±0.18 13.01±0.64 47.55±0.22 14.96±O.83 14.81±0.77 54.67±022 17.53±O.92 23.06±1.52 
F3V 32.87±1.04 30.27±1.14 20.85±1.08 55.11±1.05 13.77±0.49 13.15±OA9 61.97±0.99 15.54±0.60 18A6±0.83 
F4D 26.07±O.91 22.71±0.79 12.74±0.39 47.69±0.84 17.25±0.30 15.17±0.38 54.8()±0.84 20.04±0.23 23.72±O.51 
F4C 24.01±1.00 21.16±0.89 11.94±0.53 45.97±0.97 15.59±0.30 14.57±0.28 53.09±O.97 18.40±O.22 23.03±0.27 
F4V 
F5D 30.53±0.94 27.82±0.90 18.82±0.44 52.70±O.SO 14.29±OA7 13.00±0.44 59.68±0.77 16.30±0.52 18.62±0.61 
F5C 21.66±1.41 19.53±1.35 1O.62±0.S3 44.27±1.50 12.90±0.15 14.51±OAO 51.37±1.52 15.S4±O.OS 23A5±OAO 
F5V 22.97±O.09 21.29±0.1O 13.12±O.25 46.06±0.11 10.97 ±O.22 13.12±0.24 53.19±0.11 13.16±O.25 20.22±0.47 
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Appendix 4.22 
Dt 3 Sample time 4 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*±SEM a*±SEM b*±SEM 
FID 23.75±1.43 21.24±1.40 12.81±1.65 46.11±1.55 14.23±0.47 13.50±O.~9 53.22±1.55 16.87±O.57 20.99±1.71 
FIC 24.61±1.60 22.21±1.25 13.49±O.89 47.07±1.35 13.66±1.28 13.68±0.42 54.18±1.33 16.11±1.30 21.02±O.62 
FIV 35.37±0.30 32.71±O.52 23.54±O.90 57.2l±O.50 13.9l±O.92 12.62±O.S2 63.94:t:0.47 lS.52±1.01 17.28±O.87 
F2D 24.64±O.90 21.05±O.55 10.57±O.90 45.92±O.61 18.48±1.78 16.27±1.45 53.05:t:O.62 21.58±1.90 26.64±3.06 
F2C 21.93±O.22 19.00±O.18 9.9~±0.33 43.57±O.20 16.3l±O.55 14.94±0.35 50.67:t:O.21 19.48±O.62 24.59±O.77 
F2V 31.89±O.93 29.13±O.69 18.73±0.43 54.08±O.73 14.77±1.24 14.60:t:O.80 61.00±O.69 16.69±1.29 21.09±1.28 
F3D 24.63±3.61 22.10±3.87 13.31±3.71 46.92±4.07 14.34±1.49 13.89±O.64 53.98:t:4.06 16.96:t:2.08 21.66:t:2.30 
F3C 21.24±O.61 18.77±O.53 9.98±O.53 43.24±O.58 14.47±0.56 14.61±O.59 50.32:t:O.60 17.45:t:O.62 24.00±1.21 
F3V 28.77±5.20 25.92±5.03 15.75±4.08 50.59±5.25 15.03±O.69 14.79±0.47 57.56±5.20 17.34:t:O.92 22.37±1.50 
F4D 25.18±4.23 22.62±4.42 13.59±4.12 47.37:t:4.48 14.47±1.05 14.08±0.45 54.42:t:4.38 17.05:t:1.56 21.87:t:1.81 
F4C 20.56±O.51 18.22±0.54 10.06±0.45 42.67±O.58 13.94±O.59 13.85±0.47 49.7S±O.60 16.90:t:O.71 22.S9±O.91 
F4V 
FSD 20.96±O.98 18.19±l.O9 9.43±O.96 42.64±1.28 lS.82±O.85 14.73±O.21 49.71:t:1.32 19.0S:t:1.09 24.49±O.82 
F5C 20.01±l.05 18.0S±O.93 1O.14±0.36 42.47±1.11 12.34±O.57 13.S0±O.72 49.S3±1.14 IS.08:t:O.S9 21.94±1.17 
F5V 33.17±O.68 30.70±O.67 20.14±l.Ol 55.43±O.59 13.28±1.16 14.39±O.84 62.27±O.56 14.98±1.27 20.48±1.42 
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Appendix 4.24 
Dt 5 Sample time 4 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*:l:SEM a*±SEM b*±SEM 
F1D 22.21±1.05 20.20±1.11 11.71±1.12 44.97:1:1.19 12.33:1:0.47 13.70±0.26 52.09:1:1.20 14.82±0.62 21.62±0.73 
F1C 32.88±1.58 31.09±1.55 20.41±1.77 55.72±1.45 10.99±0.52 14.49±0.49 62.54:1:1.36 12.47:1:0.56 20.59±1.12 
F1V 
F2D 26.12±1.03 23.11±0.97 12.81±0.72 48.12±1.oo 15.88±0.12 15.51±0.13 55.22±0.99 18.50±0.07 24.26±0.22 
F2C 22.54±1.40 20.30±1.07 11.12±0.23 44.96±1.18 13.29±1.22 14.71±1.09 52.07:1:1.18 15.90±1.26 23.64:1:1.81 
F2V 32.05±4.22 29.07±4.13 18.26±4.17 53.73:1:4.00 15.05:1:0.33 14.97±0.93 60.62±3.87 17.05:1:0.66 22.03±2.79 
F3D 17.88±1.30 15.17±1.39 8.16±1.43 39.03±1.74 16.29±0.77 12.99±0.49 45.94:1:1.83 20.05:1:1.12 22.05:1:1.62 
F3C 21.06±0.53 18.11±0.58 9.46±0.71 42.51±0.68 16.62±0.53 14.60±0.46 49.58±0.70 19.96±0.66 24.26:1:1.16 
F3V 31.89±0.60 28.88±0.53 18.30±0.38 53.70±0.48 15.18±0.32 14.69±0.32 60.64:1:0.45 17.18:1:0.32 21.33:1:0.52 
F4D 17.08 ± 1.26 14.72± 1.24 7.63±0.89 38.48±1.60 14.79±0.49 13.18±0.55 45.36:1:1.70 18.38:1:0.69 22.61±1.07 
F4C 21.38±2.55 19.53:1:2.29 12.21±1.23 44.12±2.52 11.71:1:0.98 12.29:1:1.06 51.20:1:2.54 14.19:1:0.93 19.11±1.43 
F4V 
F5D 24.69:1:4.63 21.78±4.88 12.12:1:4.57 46.39:1:4.97 15.96:1:1.54 15.15:1:0~66 53.43:1:4.87 18.82±2.18 19.39:1:1.19 
F5C 21.92±0.57 19.44±0.52 1O.72±0.35 44.09±0.59 14.32±0.22 14.32±0.29 51.20:1:0.60 17.18:1:0.23 23.11:1:0.51 
F5V 34.23±0.21 31.66±0.28 21.oo±0.32 56.25±0.24 13.58±0.29 14.36:1:0.17 63.05:1:0.22 15.24:1:0.32 20.24±0.29 
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Appendix 4.26 
Dt 7 Sample time 4 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*:t:SEM a*:t:SEM b*±SEM 
F1D 22.84±O.66 19.64±O.56 9.59±O.24 44.31 ±O.63 17.27±O.31 16.1O:t:0.58 51.41:t:O.64 20.47±0.28 26.84:t:1.09 
F1C 22.39±O.32 19.62±O.23 1O.28±O.23 44.28±O.26 15.53±0.39 15.13±0.45 51.39:t:O.26 18.52:t:0.42 24.74±O.90 
F1V 30.02±O.55 26.42±O.33 15.98±O.28 51.42±O.33 17.53±O.79 14.98±0.49 58.45:t:O.31 19.92:t:O.82 22.37±O.83 
F2D 22.15±O.82 18.08±O.69 7.57±0.29 42.51±O.81 21.39±O.41 17.30±O.38 49.57±O.83 25.23±O.35 30.47±O.57 
F2C 23.79±O.58 20.51±0.40 1O.66±0.47 45.28±O.44 17.44±O.97 15.59±O.66 52.40:t:O.44 20.53±1.05 25.36±1.35 , , ' 
F2V 32.48±O.23 29.19±O.19 19.34±0.45 54.04±O.18 16.11±0.32 13.80±O.38 6O.96±O.17 18.14:t:O.34 19.73:t:O.67 
F3D 23.77±1.25 21.12±1.28 11.29±l.OO 45.94±1.39 14.79±0.42 15.41±O.07 53.06±1.39 17.52:t:O.59 24.75±O.37 
F3C 21.85±1.43 19.34±1.28 9.55±O.58 43.96± 1.46 14.50±O.51 15.82±O.76 51.06±1.48 17.39:t:0.46 26.33±1.19 
F3V 31.95±O.97 29.20±O.81 18.96±O.85 53.98±O.76 14.39±1.53 14.22±O.91 6O.90±O.66 16.29±1.65 20.46±1.49 
F4D 25.58± 1.48 22.55± 1.29 11.30±O.72 47.46± 1.34 16.04±O.56 16.87±0.41 54.58:t: 1.32 18.74±0.49 27.28±O.44 
F4C 23.06±0.40 20.91±0.34 11.28±0.33 45.72±0.37 12.83±O.17 15.18±O.10 52.85±O.38 15.33±O.16 24.35±O.28 
F4V 36.19±1.03 33.84±O.89 22.95±O.64 58.15±O.77 12.81±O.77 14.29±O.67 64.82:t:O.72 14.26:t:O.81 19.80±l.O2 
F5D 25.12±1.66 21.47±1.39 1O.13±O.89 46.29±1.51 18.65±O.74 17.32:t:O.25 53.4l±1.51 21.72:t:O.64 28.72:t:O.12 
F5C 23.75±1.13 20.52±O.90 1O.30±0.47 45.29±O.99 17.16±O.74 16.09:t:O.38· 52.4l±O.99 20.22±O.70 26.41±O.53 
F5V 32.75±O.61 29.90±O.89 20.43±1.02 54.67±O.81 14.62±1.20 13.25±0.36 61.55±O.77 16.49±1.35 18.70±O.69 
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Appendix 4.28 
Dt 2 Sample time 5 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L* :tSEM * ' a ±SEM b*±SEM 
FID 25.84±0.55 22.79±0.56 11.86±0.48 47.80±0.64 16.06±0.15 16.38±0.36 54.91:t0.63 18.72±0.23 26.13±0.74 
FIC 24.03±0.98 21.76±0.94 12.43±0.52 46.77±0.91 13.52:t0.46 14.82±0.17 53.89:t0.91 16.00:t0.6O 23.31 ±0.25 
FIV 37.30±1.20 34.24:t1.22 23.29±1.67 57.94±0.97 14.94±0.43 14.17±0~90 64.62:t0.90 16.55±0.50 19.66±1.60 
F2D 20.62±1.25 16.93±1.14 7.02±0.67 41.69±1.72 19.87±0.16 16.87±0.45 48.73:t1.78 23.69±0.13 29.86:t0.30 
F2C 17.00±0.46 14.53±0.49 7.25±0.61 37.86±0.27 15.35:t0.89 13.61±0.52 44.71:t0.29 19.1i±1.06 23.82:t1.31 
I 
F2V 30.03±0.25 26.26±0.26 16.34±0.21 51.47±0.47 18.19±0.1O 14.42±0.11 58.50±0.45 20.63±0.12 21.34±0.18 
F3D 27.64±1.32 23.97:t1.20 12.11±0.72 48.86±1.24 18.22:t0.49 17.2l±0.38 55.96:t1.22 20.95:t0.50 27.48±0.47 
F3C 25.31 :t 1.26 22.37 ± 1.01 11.61±0.53 47.29±1.06 15.70±0.79 16.30±0.36 54.41:t1.05 18.37:t0.76 26.14±0.39 
F3V 34.26±0.64 31.07±0.64 21.74±0.50 55.82±0.52 15.66±0.31 12.98±0.42 62.64:t0.49 17.50±0.35 18.05±0.66 
F4D 24.85±1.55 23.19±1.61 13.21 ± 1.26 48.1O± 1.67 1O.79±0.29 15.1O±0.13 55.20:t 1.65 12.80±0.46 23.47±0.29 
F4C 21.22±0.22 20.33±0.18 11.84±0.08 45.07±0.20 7.84±0.20 13.74±0.17 52.19±0.20 9.59±0.22 21.66:t0.29 
F4V 38.15±1.38 36.40±1.51 26.0l±1.49 60.30±1.27 1O.97±0.48 13.47±0.34 66.80:t1.16 12.16±0.57 18.14:t0.61 
F5D 24.51±3.75 20.95±3.60 1O.72±2.46 45.65±3.92 18.56±0.11 16.08±0;71 52.72:t3.89 21.74±0.55 26.3l±0.34 
F5C 18.51±0.1O 15.99±0.05 8.41±0.1O 39.97±0.07 15.2l±0.17 13.60±0.18 46.95:t0.08 18.69±0.19 22.97:t0.38 
F5V 34.98±0.74 31.59±0.94 21.1O:t1.20 55.91±0.61 16.37±0.69 14.23:t0.34 62.73:t0.57 18.24:t0.78 20.10±0.68 
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Dt 4 Sample time 5 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L * ±SEM a * ±SEM b * ±SEM 
F1D 17.71±4.56 17.38±0.25 9.14±0.29 41.71±0.32 16.27±0.09 14.18±0.22 48.75±0.33 1~.61±0.14 23.63±0.52 
F1C 15.46±4.06 15.62±0.33 8.29±0.23 39.49±0.44 14.44±0.13 13.31±0.08 46.43±0.46 17.86tO.11 22.51tO.06 
F1V 35.43tO.52 32.09tO.62 23.42tO.82 56.64tO.55 15.97 to.45 12.1ltO.28 63.40±0.51 17.7~tO.52 16.55±0.52 
F2D 18.41t1.95 15.69t1.88 8.33t 1.40 39.48t2.21 16.20tO.23 13.34±0.18 46.40±2.31 19.90±0.53 22.60tO.43 
F2C 33.64±0.55 30.20tO.50 20.53±0.44 54.97tO.31 16.62tO.62 13.37±0.03 61.84±0.29 18.60±0.66 18.84±0.09 
F3D 21.51±1.52 17.80±1.51 8.75t1.15 42.14t1.73 19.89±0.59 15.25±0.32 49.19±1.78 23.66±0.83 25.82tO.88 
F3C 20.11t1.06 16.82±0.72 8.55±0.20 41.07±0.82 18.49±1.29 14.43±0.71 48.09±0.86 22.24±1.33 24.40±1.26 
F3V 35.16±0.46 31.26±0.66 20.58±0.88 56.0ltO.58 18.03±0.68 14.48±0.39 62.82±0.55 19.98±0.77 20.50±0.76 
F4D 22.03±1.85 19.22±1.71 1O.47±1.00 43.74±1.95 15.82±0.33 14.38±0.54 50.82±1.98 18.9l±0.19 23.34tO.48 
F4C 20.63±0.34 18.26±0.33 10.14±0.17 42.84±0.67 14.19tO.44 13.85±0.37 49.93±0.68 17.17±0.43 22.52±0.55 
F4V 38.09±1.24 35.35±1.31 25.15±1.50 59.78±0.98 14.43±1.17 13.49±0.36 66.32±0.90 15.87±1.24 18.26±0.71 
F5D 18.41 ± 1.25 16.05± 1.11 9.26±0.67 39.60±1.64 14.23±0.53 12.06±0.70 46.54±1.71 17.59±0.42 19.84±1.00 
F5C 17.81 ±0.43 15.82±0.35 9.04±0.13 39.68±0.47 12.73±0.30 12.33±0.26 46.64±0.49 15.83±0.30 20.36±0.39 
I 
F5V 34.65t1.41 31.82±1.67 22.50±2.00 56.52±1.55 14.39±0.78 12.84±0.58 63.28±1.44 16.09±0.96 17.76±1.12 
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Dt 6 Sample time 5 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*:l:SEM a*±SEM b*±SEM 
FID 23.58±1.92 21.03±2.05 12.36±2.29 45.62±2.47 14.80±1.26 13.80±0.86 52.72:1:2.47 17.58:1:1.61 21.75±2.17 
FIC 23.07±0.32 20.68±0.30 12.20±0.63 45.49±0.32 14.00±0.95 13.88±0.64 52.6l:t0.32 16.67:1:1.08 21.84±1.29 
I 
FlY 39.54±0.36 37.46±0.31 28.53±0.19 61.19±0.27 12.06±0.39 11.87±0.14 67.60:1:0.25 13.26:1:0.41 15.60±0.18 
F2D 25.58±0.36 21.39±0.33 10.52±0.11 46.26±0.34 20.77±0.08 16.71±0.fO 53.38:1:0.34 24.03:1:0.09 27.38±0.32 
F2C 24.20±0.59 20.90±0.70 11.09±0.59 45.64±0.73 17.41±0.65 15.40±0.15 52.76±0.73 20.46±0.79 24.84:1:0.45 
F2Y 37.57±0.64 33.27±0.64 21.02±0.37 57.54±0.44 18.85±0.17 15.73±0.19 64.24:1:0.41 20.69:1:0.21 22.31±0.26 
F3D 22.27±1.90 18.62±1.87 8.97±1.43 43.01±2.05 19.47±0.54 15.87:1:0.14 50.07:1:2.10 23.07:1:0.86 26.90±0.89 
F3C 21.42±2.32 18.24±2.07 9.22±127 42.61±2.39 17.53±1.36 15.06±0.80 49.66:1:2.46 20.96:1:1.44 25.22±120 
F3Y 37.83±0.20 33.99:1:0.16 22.98±0.30 58.30±0.14 17.38±0.55 14.39±0.38 64.95±0.13 19.09:1:0.57 19.93:1:0.61 
F4D 17.38±0.15 14.12±0.15 6.59±0.18 37.59±0.19 19.37±0.13 14.20±0.12 44.42:1:0.21 23.75:1:0.17 25.32 ± 0.38 
F4C 21.12±7.14 18.12±6.66 1O.63±5.86 41.95±7.25 16.92±0.56 13.11±0.31 48.81:1:7.27 20.43:1:0.32 21.72±2.36 
F4Y 33.75±0.26 30.06±0.29 21.11:1:0.25 54.04±0.86 17.96±0.60 12.10:1:0.49 60.96:1:0.82 20.1l:t0.71 16.90:1:0.67 
F5D 21.46±0.21 19.43±0.25 11.90±0.22 44.26±0.32 12.53±0.28 12.67±0.15 51.38:1:0.33 15.12±0.35 19.79±0.28 
" 
F5C 19.84±0.56 18.34±0.45 11.27±0.16 42.79±0.51 10.37±0.42 12.21±0.32 49.87:1:0.52 12.75±0.45 19.28±0.48 
F5Y 36.06±0.46 34.00±0.50 25.83±0.66 58.18±0.44 11.86±0.17 11.37±0.08 64.84:1:0.41 13.25:1:0.18 15.21 :1:0.17 
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Appendix 4.34 
Dt 1 Sample time 6 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*±SEM * ,', a ±SEM b*±SEM 
FID 14.27±4.41 17.18±O.59 9.58±O.2:4 41.47±O.75 13.05±O.12 13.29±0.36 48.50±O.78 16.01±0.21 21.81±O.51 
FIC 17.52±4.61 18.36±0.35 1O.50±0.41 42.91±0.36 11.04±0.36 13.36±O.28 49.99:!:0.36 13.52±0.43 21.53±O.62 
FIV 31.3l:!:1.96 29.23±1.73 21.34±2.04 53.96:!:1.59 11.99±1.48 11.47±1.16 60.87±1.51 13.68±1.58 15.96±1.93 
F2D 25.70±O.78 24.16:!:O.97 14.86±1.04 49.24±1.03 1O.23±O.75 13.96:!:O.28 56.32:!:1.01 12.07±O.92 21.03±O.74 
F2C 22.27:!:O.66 21.49±O.74 14.64:!:O.77 46.18:!:O.78 7.47:!:0.33 11.28:!:O.29 53.31:!:O.78 9.07±O.44 16.86±O.59 
F2V 37.75±O.66 36.48±O.61 27.03±O.60 60.43±O.46 9.56±O.84 12.48±O.16 66.92:!:0.43 10.63±O.90 16.62±O.24 
F3D 28.07±O.77 25.07:!:O.77 14.25±O.78 50.18±O.79 15.56±O.28 15.70±O.23 57.25±O.77 17.92±O.36 24.05±O.65 
F3C 21.32±O.82 19.37:!:O.78 11.90±0.45 43.96±O.81 12.15:!:O.12 12.55±O.29 51.07:!:O.82 14.72:i:O.1O 19.63±O.36 
F3V 38.72:!:O.89 35.96±O.79 25.28tO.60 59.96±O.64 13.98:!:0.49 13.8l:!:O.13 66.48±O.59 15.38±0.49 18.73±O.14 
F4D 25.79±O.14 23.08±O.18 13.17±O.28 48.13±O.12 14.71±O.15 15.01±O.17 55.24±O.12 17.19±O.18 23.27±O.34 
F4C 21.72±0.47 20.26±{).41 13.35±O.12 44.96±O.44 10.11 :!:O.31 11.62±0.39 52.08:!:O.44 12.25±O.33 17.70±O.61 
F4V 40.86±O.91 39.38:!:1.03 30.44:!:1.42 63.28±1.27 12.58:!:4.34 12.73±2.16 69.50±1.14 13.60±4.39 16.68±3.09 
F5D 21.65±1.61 18.52±1.49 9.67±1.1O 43.08±1.75 17.22±0.40 14.72±0.42 50.15±1.79 20.56±O.44 24.31±O.86 
F5C 19.04:!:O.19 16.80±O.17 9.49±O.12 40.91±O.22 13.85:!:O.13 12.96±O.21 47.92±O.23 17.01±O.14 21.30±O.36 
F5V 33.77±1.87 31.02±1.63 21.04±1.27 55.67±1.46 14.19±1.32 13.70±O.34 62.50±1.36 15.93±1.38 19.26±O.45 
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Appendix 4.36 
Dt 3 Sample time 6 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L * ±SEM a * ±SEM b * ±SEM 
F1D 25.79±1.17 23.60±1.26 12.91±0.91 48047±1.27 12.56±0.90 15.75±0.19 55.57±1.25 14.77±1.07 24.64±Oo41 
F1C 24.07±0.50 22.33±Oo47 13.81±0042 47.20±0048 11.14±0.51 13.38±0.06 54.32±0048 13.27±0.57 20042±0.18 
F1V 39.11±0.78 37.11±0.86 28.32±1.00 60.99±0.79 11.61±0.28 11.74±0.21 67042±0.71 12.80±0.34 15043±0.39 
F2D 20.87±2.66 18.24±2.70 lOo46±2.26 42.69±3.06 15.24±0.72 13.26±0047 49.73±3.12 18.41±1.11 21.45±1.18 
F2C 22.50±1.68 20.02±1.39 11.69±0045 45.02±2.07 14043±1.42 13.81±1.44 52.13±2.07 17.19~1.37 21.80±2.24 
F2V 31.64±5.16 28.52±4.88 19.16±4.37 52.84±4.58 15.73±1.29 13.35±0.26 59.75±4046 17.86±1.22 19.31±1.45 
F3D 30.72±2.17 27.84±1.97 17045±2.50 52.90±1.80 14.83±1.47 14.69± 1.14 59.87± 1.73 16.86± 1.55 21.58±2.25 
F3C 28.19±0040 25.99±0.33 15.72±0.11 51.99±1.68 14.29±3.99 15.46± 1.01 59.00± 1.61 16.28±4.12 23.10± 1.44 
F3V 34.69±4.21 32.45±3.98 21.25±3.31 57.30±3.88 12.64±0.70 15.08±0.27 63.99±3.66 14.14±0048 21.30±0.54 
F4D 27.89±6.73 24.84±6.78 14.53±5.28 49.44±6.39 16.03± 1.33 15.15± 1.21 56.40±6.14 18.58± 1.86 23.32±2.01 
F4C 25.13±1.64 22.73±1.02 13.73±0.23 47.65±1.05 13.58±2.27 13.87±1.25 54.77±1.04 15.96:1:2041 21.25±2.10 
F4V 28.15±2.63 25.92±2.63 17.83±2.90 50.89±2.75 12.93±0.85 12.41±0.81 57.92±2.69 14.98±1.02 18.06±1.96 
F5D 25.28±2.66 22.99±2.73 14.49±3.04 47.86±2.66 13.24±0.68 13.24±0.99 54.95±2.61 lS.60±0.95 20.15±2.32 
F5C 23.51±0.63 21.42±0042 12.37±0.31 46.26±0.44 12.53±0.87 14.25±0.38 53.38±0045 14.93±0.95 22.34±0.67 
F5V 38045±0.88 36.34±1.09 27.29±0.97 60.27±1.00 12.05±0.64 12.08±0.08 66.76±0.92 13.32±0.75 16.04±0.07 
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Appendix 4.38 
Dt 5 Sample time 6 
x±SEM . y±SEM z±SEM L±SEM a±SEM b±SEM L*±SEM * a ±SEM b*±SEM 
F1D 24.65±0.26 23.14±0.28 13.87±0.22 47.97±0.37 1O.21±0.15 14.06±0.22 55.09±0.37 12.14~0.19 21.50±0.36 
I 
F1C 22.87±0.85 22.04±0.94 13.53±0.81 46.93±1.01 7.66±0.37 13.38±0.1O 54.05±1.00 9.26±0.49 20.50±0.34 
F1V 32.46±5.46 30.98±5.1O 21.74±4.73 55.32±4.76 9.86±1.46 12.82±0.40 62.11±4.55 11.23:1:1.40 17.98±1.47 
F2D 30.77±3.23 28.32±3.70 17.66±4.35 53.16±3.30 13.52± 1.91 14.97±1.41 60.09±3.12 15.44±2.31 22.13±3.00 
F2C 29.58±0.59 27.35±0.39 16.80±0.19 52.26±0.38 12.68±0.75 14.93±0.30 59.27±0.36 14.58±0.79 22.07±0.47 
F2V 35.29±3.28 32.65±3.20 20.62±2.79 57.03±2.92 13.79±0.80 15.73±0.28 63.75±2.75 15.41±0.87 22.46±0.93 
F3D 28.75±5.62 25.44±5.85 14.38±5.02 50.28±5.42 16.85±1.57 15.99±0.25 57.25±5.22 19.3S±2.20 24.77±1.82 
F3C 23.40±1.38 20.61±1.05 1l.60±0.26 45.31±1.21 15.29±1.21 14.32±0.88 52.43± 1.21 18.13±1.21 22.73±1.40 
F3V 32.24±5.57 29.40±5.40 19.72±4.67 53.94±5.29 14.72±0.18 13.69±Q.14 60.78±5.13 16.69±0.44 19.68± 1.24 
F4D 35.99±0.81 32.74±0.99 19.44±2.41 57.24±0.84 15.68±0.72 17.09±1.77 63.97±0.79 17.40±0.83 24.86±3.24 
F4C 29.74±4.19 26.84±3.73 15.16± 1.98 51.67±3.48 14.99± 1.21 16.33±1.25 58.66±3.31 17.14±0.97 24.79±1.39 
F4V 36.56±3.62 33.83±3.77 21.27±3.28 58.09±3.35 14.03±0.73 16.17±0.60 64.73±3.13 15.59±1.05 23.01±1.22 
F5D 31.30±3.89 28.81±3.84 16.12±2.83 53.62±3.45 13.50±0.06 17.15±0.48 60.52±3.25 lS.38±0.29 25.86±0.53 
F5C 26.86±O.44 24.99±0.32 15.0S±0.I7 50.06±0.34 l1.53±0.49 14.68±Q.30 57.13±0.33 13.47±0.53 22. 15±0.48 
F5V 41.96±2.93 39.96±2.78 27.69±2.65 63.45±2.53 11.50±1.36 15.21±0.66 69.64±2.28 12.53±1.43 20.40±1.02 
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Dt 7 Sample time 6 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*±SEM a*±SEM b*±SEM 
F1D 16.89±4.95 16.45±O.73 8.58±0.44 40.55±0.89 16.97±0.26 13.90±0.38 47.55±O.94 20.62±O.25 23.42±0.63 
F1C 13.63±4.23 13.89±O.29 7.82±O.17 37.24±O.59 14.47±O.56 11.85±O.36 44.04±O~63 18.16±O.62 20.12±O.65 
F1V 31.91 ±0.52 28.50±0.46 19.70±0.36 53.44±0.42 16.58±0.30 12.69±0.34 60.39±0.40 18.70±O.30 17.98±O.52 
F2D 17.40±O.99 15.16±O.95 8.63±0.54 38.94±1.07 14.17±0.25 12.20±0.43 45.85±1.13 17.60±0.28 20.33±0.58 
F2C 14.68±b.67 12.75±0.74 6.88±0.68 35.83±1.18 13.15±0.66 11.85±0.24 42.51±1.29 16.79±0.93 20.63±0.87 
F2V 30.93±0.50 27.92±0.36 19.00±0.12 52.84±0.33 15.29±0.44 12.91±0.28 59.82±0.32 F7.37±0.44 18.44±0.42 
F3D 18.97±1.62 16.05±1.54 8.77± 1.06 39.92± 1.87 16.94±0.58 13.07±0.78 46.88±1.97 20.67±0.74 21.87±1.42 
. ' 
F3C 18.57±0.50 15.95±0.46 9.49±0.34 39.91±0.51 15.66±0.37 11.81±0.38 46.88±0.53 19.21±0.42 19.26±0.73 
F3V 29.48±0.32 26.44±0.39 18.68±0.99 51.53±0.37 15.22±0.63 11.64±0.67 58.56±0.36 17.42±0.71 16.57± 1.15 
F4D 15.84±0.84 12.74±0.78 6.04±0.53 35.73±1.08 19.08±0.60 13.24±0.82 42.41±1.18 23.73±0.75 23.89±1.77 
F4C 17.28±0.92 14.76±0.94 7.94±0.92 38.41 ± 1.41 15.57±1.03 12.76±0.60 45.28±1.50 19.31±1.32 21.77±1.64 
F4V 31.17±0.90 27.67±1.1O 18.83±1.06 52.66±0.94 17.12±0.86 12.86±0.14 59.65±0.90 19.37±1.00' 18.40±0.40 
F5D 16.70±1.25 13.38±1.06 6.26±0.71 36.44±1.49 20.12±0.87 14.03±0.89 43.17±1.61 24.79±0.95 25.52±2.i3 
F5C 14.67±0.89 12.03±0.77 6.19±037 34.63± 1.09 16.94±0.24 12.05±0.47 41.20±1.21 21.44±0.19 21.49±0.69 
F5V 30.18±0.61 26.63±0.70 18.21±0.96 52.08±0.74 16.39±0.90 12.62±0.40 59.09±0.71 18.64±1.03 18.11±0.65 
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Appendix 4.42 
Dt 2 Sample time 7 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L * ±SEM a * ±SEM b * ±SEM 
F1D 16.97±0.31 13.97±0.30 6.87±0.26 37.24±0.50 18.09±0.11 13.43±0.17 44.04±0.54 22.36±0.20 23.66±0.38 
F1C 17.32±0.38 15.18±0.53 8.69±O.57 38.86±0.51 13.54±0.71 12.07±0.32 45.77±0.54 16.88±0.87 20.10±0.76 
F1V 29.65±0.83 26.86±0.67 19.14±0.78 51.60±0.67 14.56±0.78 l1.66±0.52 58.62±0.65 16.70±0.83 16.59±0.84 
F2D 20.39±O.54 16.00±O.43 6.25±0.14 39.96±O.51 23.72±0.39 16.98±O.29 46.93±O.54 28.'16±0.36 31.11±0.46 
F2C 17.78±O.74 15.03±O.82 7.99±O.79 38.71±1.07 16.59±O.71 13.09±O.28 45.6l± 1.14 20.43±0.95 22.33±O.96 
F2V 36.39±0.33 32.50±0.26 22.07±O.27 57.00±O.23 17.70±0.22 13.98±0.1O 63.75±0.21 19.54±O.21 19.48±0.18 
F3D 18.69±0.12 15.16±0.24 7.56±0.31 38.95±0.28 20.11±O.79 13.91±0.20 45.86±0.29 24.38±0.92 24.07±O.56 
F3C 16.52±0.36 14.27±O.37 8.18±O.28 37.81±0.53 14.42±0.55 l1.78±O.10 44.65:!:0.57 18.04:!:0.66 19.79:!:0.17 
F3V 31.31:!:0.65 28.94:!:0.63 21.86:!:0.76 53.72:!:0.70 13.11:!:0.13 1O.76±0.30 60.66:!:0.67 14.93:!:0.15 14.84±0.55 
F4D 17.39:!:1.41 13.91:!:1.19 6.33±0.57 37.27±1.6S 20.62±0.55 14.36:!:0.62 44.06:!:1.78 25.21:!:0.35 25.87±0.72 
F4C 17.56±0.49 14.56±0.52 7.03±0.30 38.22±0.74 17.88±0.37 14.04±0.22 45.09:!:0.79 21.98±0.52 24.67±0.31 
F4V 26.43:!:0.69 22.99±0.44 15.22±1.34 47.98±0.47 17.52:!:3.04 12.24±1.43 55.09:!:0.46 20.27:!:3.34 18.27±2.55 
F5D 23.73:!: 1.35 19.38:!: 1.25 9.28:!:0.69 44.02:!:1.43 22.09:!:0.1O 16.27±0.41 51.12±1.46 25.76:!:0.29 27.3l±0.33 
F5C 20.82:!:0.86 17.63:!:0.45 9.44:!:1.09 41.99:!:0.49 17.77±3.13 14.06±1.52 49.04±0.50 21.28±3.49 23.38±3.23 
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Appendix 4.44 
Dt 4 Sample time 7 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*±SEM * a ±SEM b*±SEM 
F1D 28.10±0.50 22.63±0.42 9.41±0.12 47.54±0.52 25.40±0.15 19.58±0.24 54.67±0.51 28.72±0.17 33.39±0.40 
F1C 21.42±0.62 17.59±0.46 8.63±0.17 41.93±0.53 20.45±0.59 15.15±0.51 48.98±0.54 24.29±0.58 25.66±0.96 
F1V 40.47±1.50 35.51±2.09 23.94±3.55 59.55±1.76 20.72±2.1l 14.81±1.80 66.10±1.61 22.41±2.33 20.53±3.20 
F2D 20.43±0.72 17.33±0.74 9.2~±0.41 41.66±0.87 17.40±0.29 13.91±0.34 48.71±0.90 20.95±0.43 23.05±0.47 
F2C 22.62±0.54 20.61 ±0.56 12.59±0.47 45.39±0.61 12.31±0.72 13.04±0.11 52.51±0.62 14.7S±0.84 20.22±0.22 
F2V 25.83±1.09 22.80±0.94 15.68±0.56 47.73±0.92 15.93±0.67 11.43±0.48 54.85±0.91 18.58±0.66 16.83±0.68 
F3D 23.47±0.29 19.79±0.22 9.80±0.17 44.37±0.32 19.03±0.35 15.85±0.24 51.48±0.33 22.39±0.41 26.26±0.50 
F3C 20.44±1.23 18.14±0.86 1O.94±0.27 42.38±0.94 13.51±1.63 12.26±0.75 49.45±0.97 16.42±1.76 19.49±1.22 
F3V 33.22±4.65 30.02±5.09 20.56±5.74 54.50±4.89 16.13±2.33 13.49± 1.70 61.32±4.72 18.18±3.00 19.51±4.20 
F4D 18.43 ± 1.57 14.73 ± 1.49 6.05±0.85 38.36±1.83 21.20±0.36 15.83±0.40 45.22±1.93 25.68±0.63 29.04±0.31 
F4C 18.60±0.06 15.70±0.11 7.88±0.11 39.54±0.20 16.92±0.36 14.06±0.12 46.49±O.22 20.69±0.43 24.15±O.31 
F4V 24.07±0.71 20.66±0.54 13.35±0.36 45.73±0.66 18.44±0.66 12.21±0.50 52.86±0.66 21.57±O.67 18.60±0.81 
F5D 23.92± 1.26 19.08± 1.13 7.56±0.69 43.73±1.31 24.45±0.31 18.45±O.25 50.83±1.34 28.32±0.31 32.70±O.18 
F5C 20.04±0.64 16.80±0.69 8.13±0.53 41.01±0.92 18.30±0.57 15.03±0.27 48.03±0.96 22.05±0.73 25.76±0.52 
F5V 30.42± 1.04 26.48±0.83 16.62±0.25 51.24±0.73 18.70±0.81 14.24±O.69 58.28±0.71 21.19±0.78 21.06±1.09 
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Appendix 4.46 
Dt 6 Sample time 7 
x±SEM y±SEM z±SEM L±SEM a±SEM b±SEM L*±SEM a*±SEM b*±SEM 
FID 12.26±4.56 14.54±O.72 7.96±O.76 38.25±O.80 16.50±O.59 12.42±0.37 45.13±O.85 20.40±O.74 21.03±O.96 
FIC 15.00±4.32 15.95±O.50 10.66±O.53 39.93±O.61 1O.81±O.41 10.06±O.21 46.89±O.64 13.53±O.54 15.87±O.49 
FIV 33.10±O.62 30.67±O.72 23.48±O.62 55.22±O.66 13.33±O.62 10.61±O.20 62.08±O.62 15.06±O.70 14.42±O.26 
, . 
F2D 15.03±O.70 12.05±O.64 5.82±0.36 34.62±O.73 18.93±O.12 12.73±O.25 41.19±O.81 23.75±O.12 23.11±O.30 
F2C 16.27±O.22 13.70±O.20 6.93±O.38 36.98±O.33 16.06±O.56 13.03±0.43 43.77±O.36 20.06±O.66 22.84±1.03 
F2V 28.74±O.51 25.40±O.37 17.66±O.13 50.44±0.42 16.91±O.56 11.89±0.34 57.51±O.40 19.36±O.57 17.15±O.51 
F3D 20.55±1.42 17.13±1.29 8.75±O.69 41.43±1.56 18.85±O.23 14.48±O.51 48.45±1.62 22.60±O.18 24.35±O.54 
F3C 17.27±0.46 14.87±O.34 8.52±O.27 38.72±0.38 14.90±O.72 11.99±O.62 45.63±O.40 18.48±O.83 19.98±1.25 
F3V 17.50±1.56 29.53±1.61 21.39±1.44 53.74±O.71 14.77±O.45 11.67±0.34 60.67±O.67 16.73±O.51 16.27±O.48 
F4D 17.98±O.18 14.87±O.16 6.61±O.12 38.76±0.42 19.07±1.40 15.31±0,47 45.67±O.44 23.22±1.50 27.48±l.OI 
F4C 18.77±0.30 16.37±O.29 9.04±0.38 40.45±O.35 14.57±O.20 13.11±O.24 47.44±O.36 17.89±O.24 21.76±O.59 
F4V 30.02±O.17 26.31±O.19 17.23±O.21 51.35±O.1O 17.94±O.12 13.36±0.15 58.39±O.09 20.38±O.14 19.48±O.27 
F5D 17.71±O.45 14.62±O.37 7.00±O.19 38.25±0.49 18.25±O.25 14.13±0.31 45.12±O.52 22.39±O.21 24.86±O.59 
F5C 16.64±O.27 14.56±O.22 8.51±O.29 38.13±O.27 13.44±O.56 11.58±0.47 45.00±0.29 16.84±O.66 19.29±O.95 
F5V 30.85±0.49 27.78±0.45 19.38±O.23 52.69±0.43 15.55±0.42 12.30±O.23 59.67±O.41 17.67±0.45 17.45±O.32 
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